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SUMMARY 

Summary 
The CLIMATE FOR CULTURE project, funded by the European Commission, and the European 
project NOAH’S ARK, state that climate change is one of the most critical challenges of our time. 
Furthermore, it has been shown that cultural heritage is influenced by the change of climate; 
therefore CLIMATE FOR CULTURE marks preservation and conservation of cultural heritage as a 
high priority, due to the substantial importance to the European identity of these cultural assets. 
The unit Building Physics and Services (BPS) at the Eindhoven University of Technology (TU/e) has 
engaged in the CLIMATE FOR CULTURE project, whereas they perform various researches on heat, 
air and moisture subjects in monumental buildings.  
 
As a result of climate change, the indoor climate of cultural heritage is likely to change, with direct 
consequences for art objects situated in such a building. This raises questions about the effect of 
future climate change on the indoor climate of, in this case, monumental churches, and the effect 
on works of art situated in these churches. The specific effects of climate change are investigated 
for two cases; the Great Church of Breda and the Saint Bavo’s Cathedral of Ghent, which are both 
monumental churches in a typical Gothic building style. Both buildings also house a precious art 
object. The Great Church houses a triptych, which is a painting composed out of three sections, 
named The Discovery of the True Cross by Jan van Scorel. The Saint Bavo’s Cathedral houses a 
polyptych, which is a painting composed out of more than three sections, named The Adoration of 
the Mystic Lamb by Hubrecht and Jan van Eyck. The subject of the presentation of both objects 
shows notable differences, even as the climate control in both building. In the Great Church, the 
object is placed inside the Prince Chapel, which is an open space, and in contrast to the object 
presented from out a climate controlled showcase in the Saint Bavo’s Cathedral. Furthermore, the 
Great Church is a building provided with a floor and air heating system, while the Saint Bavo’s 
Cathedral is an unheated building.  
 
Measured data gathered by the Physic of Monuments webpage, is used for a first analysis of the 
current indoor climate, and the degradation risk to the works of art. The simulation software 
HAMBase is used for creating a building model of both churches. The Climate Evaluation Chart 
(CEC) is used for evaluation of the current and future indoor climates. Subsequently, the Specific 
Risk Assessment (SRA) is used to analyze the damage risk factors for both works of art. To 
determine the risk climate guidelines provided by the American Society of Heating, Refrigeration 
and Air – Conditioning Engineers (ASHRAE) are used. The regional model REMO, developed by the 
Max Planck Institute for Meteorology in Germany, is used to create a future indoor simulation 
model in HAMBase. 
 
The current indoor climate situation of both churches is compared by the Specific Risk Assessment 
and the Climate Evaluation Chart. As a result, it can be stated that the climate situation at the 
Great Church nearby the triptych can be considered to be currently good, with only a small damage 
risk for all factors. In case of the Ghent Altar piece at the Saint Bavo’s Cathedral, a medium risk for 
damage occurs. The indoor climate of the Villa Chapel shows even a higher risk, therefore it can be 
stated that the micro climate derives a small benefit out of the showcase. The most extreme 
situations occur during the winter period, when the micro climate is rated to be too humid and too 
cold. Also a seriously low relative humidity occurs during the winter period, which is likely caused 
by intense heating of the show case. In the future, both the art objects in the Great Church of 
Breda and the Saint Bavo’s Cathedral Ghent will experience potential degradation risk. The indoor 
climate of the Great Church of Breda is the worst during summer period, as where the indoor 
climate is too humid. Since during validation of the Great Church of Breda the simulated humidity 
ratio, and subsequently the relative humidity data remained higher than the measured data, it 
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must be taken into account that the simulated future humidity values are likely to be higher than 
the actual future values. In case of the Saint Bavo’s Cathedral of Ghent the worst indoor climate 
occurs during the wintertime, as where the indoor climate is too cold. Furthermore, the way of 
heating is something that should be taking into account for, since it is not included in the 
simulation model. In order to protect both art objects, even better control of the future indoor 
climate is recommended. For the Saint Bavo’s Cathedral, the current way of heating the climate 
case during cold winter periods will be strongly discouraged, taking in regard the increase of 
possible degradation risks. Overall, investigating the best installation options for both churches is 
highly interesting. This research has also dealt with different uncertainties, in among others, the 
simulation models, which certain are worth being further investigated.  
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SAMENVATTING 

Samenvatting 
Het CLIMATE FOR CULTURE project, gefinancierd door de Europese commissie, en het Europese 
project NOAH’S ARK, stellen vast dat klimaatverandering tegenwoordig één van de grootste en 
meest kritische uitdaging is. Het is tevens duidelijk geworden dat cultureel erfgoed lijdt onder de 
klimaatveranderingen. Daarom stelt CLIMATE FOR CULTURE dat het behoud van cultureel erfgoed 
hoog op de agenda dient te staan. Erfgoed is immers een belangrijk aspect dat bijdraagt aan de 
Europese culturele identiteit. De unit Building Physics and Services (BPS) aan de Technische 
Universiteit te Eindhoven (TU/e) is betrokken bij het CLIMATE FOR CULTURE project, door middel 
van verschillende onderzoeken op het gebied van warmte, lucht en vocht in monumentale 
gebouwen.  
 
Dankzij de klimaatveranderingen zal het binnenklimaat van monumentale gebouwen waarschijnlijk 
veranderen, wat direct consequenties heeft voor objecten in een dergelijk gebouw. Dit roept 
verscheidene vragen op, zoals wat het effect van de klimaatverandering is op het binnenklimaat 
van monumentale gebouwen, in dit geval monumentale kerken. En wat hiervan de gevolgen zijn 
voor kunstobjecten die geplaatst zijn in dergelijke gebouwen. In dit rapport wordt het effect van de 
klimaatverandering van twee case studies onderzocht. Het eerste gebouw is de Grote Kerk van 
Breda en het tweede gebouw is de Sint Baafs Kathedraal in Gent. Beide gebouwen zijn 
monumentale kerken gebouwd in een typisch gotische bouwstijl. In beide gebouwen is een 
bijzonder waardevol schilderij ondergebracht. In de Grote Kerk hangt het drieluik, de Vinding van 
het Ware Kruis, van Jan van Scorel. En in de Sint Baafs Kathedraal hangt het veelluik, het Lam Gods, 
van de gebroeders Hubrecht en Jan van Eyck. Er zijn grote verschillen tussen beide situaties, zowel 
op het gebied van de presentatie van beide schilderijen, als op het gebied van klimaatbeheersing. 
In de Grote Kerk is het kunstobject geplaatst in de Prinsenkapel, welke in open verbinding staat 
met de rest van de kerk. Dit in tegenstelling tot het kunstobject in de Sint Baafs Kathedraal, welke 
in een vitrine met klimaatbeheersing wordt tentoongesteld. Tevens heeft de Grote Kerk 
vloerverwarming, waar de Sint Baafs Kathedraal een onverwarmde kerk is. 
 
Gemeten data verkregen via de webpagina ‘Bouwfysica van Monumenten’ is gebruikt voor een 
eerste analyse van het binnenklimaat en de mogelijke degradatierisico’s van de kunststukken. 
Simulatiesoftware genaamd HAMBase is gebruikt om een simulatiemodel van beide kerken te 
maken. De Climate Evaluation Chart (CEC) is gebruikt om een beeld te krijgen van het huidige en 
toekomstige binnenklimaat. En de Specific Risk Assessment methode (SRA) is gebruikt om te 
analyseren aan welke risicofactoren beide kunststukken wellicht worden blootgesteld. Om het 
risico te bepalen zijn de richtlijnen van de American Society of Heating, Refrigeration and Air – 
Conditioning Engineers (ASHRAE) gebruikt. Tevens is het regionaal model REMO, wat ontwikkeld is 
door het Max Planck Instituut voor Meteorologie in Duitsland, gebruikt voor de simulaties in 
HAMBase. 
 
Het huidige binnenklimaat van beide kerken is vergeleken door middel van de Specific Risk 
Assessment en de Climate Evaluation Chart. Het binnenklimaat van de Grote Kerk in de buurt van 
het drieluik kan als voldoende beschouwd worden. Er is enkel een klein risico op de verschillende 
degradatiefactoren. In het geval van het veelluik in Gent is er een middelgroot risico op sommige 
factoren. Het binnenklimaat van de Villa Kapel heeft zelfs een groter risico, wat vaststelt dat het 
microklimaat rondom het kunststuk positief beïnvloed wordt door de vitrine. De meest extreme 
situaties vinden plaats tijdens de winter. Het microklimaat is dan te vochtig en te koud. Tevens is er 
een erg lage relatieve luchtvochtigheid gesignaleerd tijdens de winter. Dit is hoogstwaarschijnlijk 
het resultaat van intensieve verwarming van de kapel en daarmee ook de vitrine. In de toekomst 
zullen beide kunstobjecten blootgesteld worden aan verschillende degradatierisico’s. Het 
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binnenklimaat van de Grote Kerk is dan op zijn slechtst tijdens de zomer, wanneer het 
binnenklimaat te vochtig is. Echter, tijdens de validatie van de Grote Kerk is gebleken dat de 
gesimuleerde absolute luchtvochtigheid en als gevolg de gesimuleerde relatieve luchtvochtigheid 
hoger waren dan de gemeten waarden. Daarom moet meegenomen worden dat de gesimuleerde 
toekomstige vochtigheidswaarden wellicht hoger zijn dan de werkelijke waarden. In het geval van 
Sint Baafs Kathedraal komt het slechtste binnenklimaat voor tijdens de winter. Het is gebleken dat 
het binnenklimaat in die periode te koud is. Tevens moet het verwarmen van de ruimte in de 
winter in de gaten gehouden worden. Dit is namelijk niet meegenomen in het simulatiemodel. 
Voor beide objecten geldt dat een beter gecontroleerd binnenklimaat wordt geadviseerd. Het 
huidige stookgedrag in de Sint Baafs Kathedraal, waarbij in de winter de ruimte waarin het 
kunststuk hangt intensief verwarmd wordt, wordt ernstig afgeraden vanwege de mogelijke 
degradatierisico’s. Samenvattend wordt verder onderzoek naar de beste opties voor installaties in 
geval van beide kerken aangeraden. Tevens kent dit onderzoek de nodige onzekerheden, op 
bijvoorbeeld het vlak van de simulatiemodellen, van welke geadviseerd wordt ze verder te 
onderzoeken.  
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CHAPTER 1 - INTRODUCTION 

1. Introduction 
 
Although climate change defines a statistic change in the average climate conditions over periods 
that range from decades and longer (KNMI - Nader Verklaard: Klimaatverandering, 2013), the term 
is mostly known as a reference to changes caused by human activities. “Climate change means a 
change of climate which is attributed directly or indirectly to human activity that alters the 
composition of the global atmosphere and which is in addition to natural climate variability 
observed over comparable time periods” (“The United Nations Framework Convention on Climate 
Change”, 1994). The common effects, for example the loss of Arctic sea ice and glaciers as a result 
of increasing temperatures are widely known by the general public. Whereas some effects, such as 
the influence on cultural heritage, are less familiar. 
 
The CLIMATE FOR CULTURE project, funded by the European Commission, and the European 
project NOAH’S ARK, state that climate change is one of the most critical challenges of our time. 
Climate change in combination with the increasing demand on energy sources has resulted in a 
society where sustainable developments are an important topic of discussion. Furthermore, it has 
been shown that cultural heritage is also influenced by these factors; therefore CLIMATE FOR 
CULTURE marks preservation and conservation of cultural heritage as a high priority, due to the 
substantial importance to the European identity of these cultural assets. The project distinguishes 
itself by the use of simulation and modelling tools in order to give a prediction of the influences of 
climate change on the (micro)-climate in historical buildings. Subsequently, an assessment of 
possible damage to works of art in these buildings, under future microclimates, is made. As a result 
preventive measures can be taken. Various types of monumental buildings, located at several 
different locations with different types of climate, are investigated within the project. A case study 
does not only cover the building, but the effect and potential risks for works of art and the interior 
as well. Very often a monumental building has obtained another purpose over the years; it might 
be used as a museum and, therefore, displays all sorts of works of art. Consequently, the indoor 
climate of the building must be considered very important for the preservation of the pieces.  
 
The unit Building Physics and Services (BPS) at the Eindhoven University of Technology (TU/e) has 
engaged in the CLIMATE FOR CULTURE project, whereas they perform various researches on heat, 
air and moisture subjects in monumental buildings. Building simulation models, such as HAMBase, 
are used to simulate the microclimates, and are combined with future climate data. A broad 
selection of monumental buildings, mostly located in The Netherlands, is used for collecting data of 
the indoor- and outdoor environment. This is done by the use of the developed Climate Monitoring 
System (Physics of Monuments, 2008). This research will focus on the effect of the described 
climate changes on cultural heritage, and effects on the works of art, which are situated in such a 
building with a museum function.  
 

1.1 Problem description 
Since the climate is likely to change, cultural heritage is likely to be effected by future climate 
change. As a result the indoor climate of cultural heritage is likely to change as well, with direct 
consequences for art objects situated in such a building. The Great Church of Breda and the Saint 
Bavo’s Cathedral are both monumental churches. Both buildings also house a precious art object. 
The Great Church of Breda houses a triptych, which is a painting composed out of three sections, 
named The Discovery of the True Cross by Jan van Scorel. The Saint Bavo’s Cathedral houses a 
polyptych, which is a painting composed out of more than three sections, named The Adoration of 
the Mystic Lamb by Hubrecht and Jan van Eyck. The effect of climate change on both buildings and 
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these art objects is unknown, and since both churches are quite similar, a comparison of the 
buildings might provide in better insight in the future situation. This can be done by indicating 
possible future risk in both situations. 
 

1.2 Objective 
As stated before, cultural heritage, in every form, is important to preserve. In order to make sure 
that future generations are still able to admire, study, and learn from these cultural treasures, 
preservation is important. The preservation of both the Great Church of Breda and the Saint Bavo’s 
Cathedral, including the important works of art, takes part of this. The fact that these cultural 
buildings are subject of a present-day study, contributes to this. The objective of this research is to 
provide insight in the future risk, so that measures can be taken.  
 

1.3 Research statement  
The described problem resulted into two research questions. The approach of these questions is 
explained in paragraph 1.4, Methodology. The following research questions are formulated: 
 
What effect will future climate change have on the indoor climate of monumental churches? 
 
As a consequence; what will be the effect on works of art situated in these churches? 
 
Will the current situation and location of the works of art meet the preservation standards in the 
future?  
 

1.5 Methodology 
In order to perform this research a certain methodology was determined. The entire research can 
roughly be divided into two parts; 
  

- Gathering and analysis of information; 
- Building simulation. 

 
A more detailed research structure can be found in Fig 1.1. A literature study is used to provide 
insight into matters of future climate change, and the effect of future climate change on cultural 
heritage. Even more attention was paid to the effects on monumental churches. A detailed 
description about both case studies, the Great Church of Breda and the Saint Bavo’s Cathedral of 
Ghent, provided in even better insight in both cases. Measured data gathered by Physics of 
Monuments, is used for a first analysis of the current indoor climate, and the degradation risk to 
the works of art.  
 
The simulation software HAMBase is used for creating a building simulation model of both 
churches. In addition, the measured data is used to validate these models, in order to determine a 
most accurate simulation model. A Table providing an overview of the steps taken during this 
modelling and validation process is presented in Fig. 1.2. After the validation, future climate data is 
used to give insight in the future indoor climate. The Climate Evaluation Chart (CEC) is used for 
evaluation of the current and future indoor climates. Subsequently, a Specific Risk Assessment 
(SRA) was performed, which will be used to answer the research question. Detailed information 
about HAMBase, the Climate Evaluation Chart, and the Specific Risk Assessment is presented in the 
following paragraphs  
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Fig. 1.1: Methodology scheme of the report structure 
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1.5.1 Simulation software - HAMBase 

HAMBase (Heat Air and Moisture model for Building And Systems Evaluation) is the name of the 
simulation program used in this project. This program is designed by prof. Dr.ir. M.H. de Wit and 
further developed by Dr.ir. A.W.M. van Schijndel (de Wit, Bouwstenen 100, 2006) (van Schijndel, 
2007). HAMBase is programmed in the MATLAB scientific programming environment, and is used 
to simulate the heat and vapour flows in a multi-zone building model. Furthermore, simulation of 
the indoor temperature, indoor air humidity and energy use needed for heating and cooling is 
possible. To perform an accurate simulation with the HAMBase tool, various building properties 
need to be implemented. Such as material properties, building dimensions, but also internal heat 
and moisture gain values and the ventilation rate. Combined with a climate file, containing 
weather data of a specific location, the simulation can be performed.  

 

1.5.2 Climate Evaluation Chart 

The Climate Evaluation Chart was developed as a tool, for better analysis of indoor climate 
performances (Martens, Schijndel, & Schellen, 2006). By creating a chart which visualizes simulated 
measured temperature and humidity data, analysis of large amounts of data is simplified. An 
example of the Climate Evaluation Chart is presented in Fig 1.3. The base chart consist of the 
standard psychometric chart for air, with on the vertical axis the dry bulb temperature in °C, on the 
horizontal axis the humidity mixing ratio in g/kg, and curves for the relative humidity in %. The 
seasonal indoor climate data is presented with different colours for time period; winter (blue, 
December 21 – March 21), spring (green, March 21 – June 21), summer (red, June 21 – September 
21), and autumn (brown/yellow, September 21 – December 21). The amount of colour saturation 
represents the percentage occurrence over time, and the seasonal weekly averages are displayed 
by the use of icons (Martens, 2012). The Climate Evaluation Chart can be linked to several 
performances guidelines, such as the ASHRAE climate classes for museums.  

Fig. 1.2: Schematic view of the steps taken during the modelling and validation process  
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The criteria of those guidelines are presented on the bottom of graph, and are used to create the 
blue square defining the minimum and maximum temperature and relative humidity values. 
Furthermore, several matrices are presented, displaying percentages for the total and seasonal 
distribution. Fig 1.4 presents the meaning of the matrix. The Climate Evaluation Chart is included in 
the Physics of Monuments Plots toolbox, which provide in a way to create a CEC in HAMBase. This 
information can be found at the BPS Wiki internet page (BPS wiki - Hamlab, 2013). 
 

Fig. 1.3: Example of a Climate Evaluation Chart  
(Reprinted from: (Martens, 2012) 

Fig. 1.4: Climate Evaluation Chart Matrix explanation  
(reprinted from: (Martens, 2012))  
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 1.5.3 Specific Risk Assessment 

The Specific Risk Assessment method was developed with, as main purposes, better prediction of 
risks to art object, and a user-friendly output. In this method, the risk of the indoor climate, on four 
specific objects was determined; paper, panel painting, furniture, and wooden sculptures. All four 
objects have their own response for different kind of deterioration. Paper is most likely to 
experience damage by mould growth and chemical degradation. Panel paintings are, however, 
constructed of different types of materials, like types of wood, and all kind of paint and varnish. 
The effects on the wooden parts of the painting will, among others, depend on the mechanical 
properties, partly determined by the way the tree was cut. As a result a panel painting can be 
considered as highly complex. Furniture and wooden sculptures are also affected by several types 
of degradation. This method takes the actual response of the types of museum objects to the 
indoor climate into account. 
 
In his thesis, Dr.ir. M.H.J. Martens defines three different degradation principles; biological, 
mechanical, and chemical degradation. Biological degradation occurs in situations as where the 
temperature and relative humidity values are right for grow of fungi. Mechanical degradation 
mainly depends on the change in relative humidity, cause mechanical expansion and shrinking of a 
material. Finally, chemical degradation is related temperature and relative humidity, affecting the 
reaction speed of chemical processes. Criteria on these degradation principles are obtained from 
literature and joined together in the thesis. All principles are applied to each of the four 
determined objects, resulting in many possible combinations, as can be seen in Fig 1.3. 

 
For the biological degradation the mould growth was taken into account.  Predictions of these 
growths were made using the curves created by Sedlbauer. Sedlbauer created a mould growth 
model combining critical parameters, such as temperature, relative humidity, germination time, 
and growth rate (Sedlbauer, 2001). Chemical degradation calculation is performed by the use of 
the Lifetime Multiplier. The Lifetime Multiplier, defines the number of time spans for with an 
object remains usable, when comparing it to certain conditions; a temperature of 20°C, and a 
relative humidity of 50%. Mechanical degradation was divided into two processes. The first is the 
degradation due to the dimension changes of the base material of an object, and is caused by the 
way an object is constructed. The second is the degradation between the base material and the 
pictorial layer. This is caused by the uneven dimensions between the construction and the design 
layer. This last type of degradation will solely occur on panel paintings, and in this case Bratasz’s 
curve was used (Bratasz & Rachwel, 2010). The risk of base material degradation of panel painting 

Fig. 1.5: Assessment of climates on object level  
(Reprinted from: (Martens, 2012)) 
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was determined by the use of Mecklenburg’s graph (Mecklenburg, Tumosa, & Erhardt, 1998). An 
important factor for determining the mechanical risks for panel painting is the yield point. This is 
the point, in a stress-strain diagram, where an increase in stress causes more strain than linear 
elastic determined. Exceeding of the yield point leads to damage due to irreversible, or so-called 
plastic, deformations and possible cracking. In case of furniture an approach similar as for panel 
paintings was used, however in this case the full response RH and annual mean RH values were 
used (Bratasz, Kozlowski, Kozlowska, & Rivers, 2008). The risk for wooden sculptures was 
calculated by Jakiela’s graph (Jakiela, Brataz, & Kozlowski, 2007). Further information about these 
models, curves, and graphs is presented in Appendix 13. An example of the Specific Risk 
Assessment chart is presented in Fig 1. 4.  

 
 
This Chart shows many comparisons with Fig 1.3. On the top, and indication is made of the risk for 
the degradation principles; mould growth, Lifetime Multiplier, Base Material, and Pictorial layer. 
The quantity of risk is presented in three different colours. Red stands for a high risk value, green 
for a small risk value, and orange for a medium risk value. The determination of the risk for each 
one of the degradation principles is presented in Fig 1.5. In addition six graphs are presented, 
providing in a more detailed view of the risk indicators. Further information about these graphs 
can be found in Appendix 13. 

 

Fig. 1.6: Example of a Specific Risk Assessment Chart  
(Reprinted from: (Martens, 2012)) 

Fig. 1.7: Determination of risk for each degradation principle  
(Reprinted from: (Martens, 2012)) 
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2. Literature Study 
This Chapter provides literature background information about the subject discussed in this report. 
Our future climate is very likely to change. These changes will be of influence on cultural heritage 
and the indoor climate in monumental buildings. Works of art situated in such buildings will 
subsequently react on the indoor climate changes. Therefore, optimal preservation by regulation 
of a microclimate is an important issue.  
 

2.1 Future Climate Change 
Even though the global climate system is considered highly complex, the modelling of the system 
has increased tremendously on accuracy and efficiently throughout the years. Models now offer a 
detailed idea of the possible climate conditions of the future. These models combined with 
knowledge gained by past climate observations have resulted in increasing insight on climate 
change. Still, due to the complexity of the subject of climate change, the future expectations know 
many uncertainties. In 2007, the Intergovernmental Panel on Climate Change (IPCC) has presented 
its 4th Assessment Report: Climate Change 2007 (IPCC, Summary for Policymakers, 2007). In this 
report conclusions on many important climate change topics were presented. Subjects like the 
greenhouse effect, temperature changes, sea level rising, melting of the ice caps, were taken into 
account. The report is divided into three working groups, each contributing on their own specific 
subject. Working Group I focused on “The Physical Science Basis”, Working Group II on “Impact, 
Adaption, and Vulnerability”, finally Working Group III discussed “Mitigation of Climate Change”. 
The IPCC has also realized various future scenarios, which were presented in the Special Report on 
Emissions Scenarios (SRES). A projection of the future climate change will highly depend on future 
human activities. Important aspects like social and technical developments were taking into 
account, creating these scenarios, as well as different computer climate models. Due to the many 
uncertainties of these aspects, six different scenarios were presented, as can be seen in Table 2.1 
 
Table 2.1: Special Report on Emissions Scenarios by the Intergovernmental Panel on Climate Change (Source: (IPCC, Special Report 
Emissions Scenarios, 2000)) 

Special Report on Emissions Scenarios 

A1 Rapid economic growth; 
Global population gradually decreasing starting halfway the 21st century; 
Fast increase of new and more efficient technologies; 
Globalization combined with a clear reduction of world-income differences; 

A1FI Emphasis on non-fossil fuels; 
Rapid economic growth; 
Global population gradually decreasing starting halfway the 21st century; 
Fast increase of new and more efficient technologies; 
Globalization combined with a clear reduction of world-income differences; 

A1B Balanced use of all energy sources; 
Rapid economic growth; 
Global population gradually decreasing starting halfway the 21st century; 
Fast increase of new and more efficient technologies; 
Globalization combined with a clear reduction of world-income differences; 

A1T Emphasis on fossil fuels; 
Rapid economic growth; 
Global population gradually decreasing starting halfway the 21st century; 
Fast increase of new and more efficient technologies; 
Globalization combined with a clear reduction of world-income differences; 
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A2 Less globalization; 
Constantly increasing population; 
Regional dependent economic developments; 
Unequal distribution of wealth and technological developments;  

B1 Rapid economic growth, with rapid developments toward the service and information 
society; 
Global population gradually decreasing starting halfway the 21st century; 
Fast increase of clean and more efficient technologies; 
A righteous world, with global economic, social, and environmental solution;  

B2 Local global economic, social, and environmental solution;  
Constantly increasing population, with a slower rate than in A2; 
Moderately economical developments, less rapid but more diverse technological 
developments than in B1 and A1; 

 
The A1B scenario is most used in future scenario in climate simulation. For example, the regional 
model REMO, developed by the Max Planck Institute for Meteorology in Germany, is based on the 
A1B scenario from IPCC’s 4th report. This model provides in the outdoor climate scenario for 
several regions, for a timeframe of 1950 until 2099 (REMO, n.d.). These scenarios have resulted in 
predicted future climate changes, from which a reprinted table, containing temperature change 
and the sea level rise are presented in Table 2.2 (IPCC, Summary for Policymakers, 2007). 
 
Table 2.2: Projected global average surface warming and sea level rise at the end of the 21st century.  
(Reprinted from: (IPCC, Summary for Policymakers, 2007)) 

 Temperature Change 
(°C at 2090-2099 relative to 1980-1999)1 

Sea Level Rise 
(m at 2090-2099 relative to 1980-1999) 

 Best 
estimate 

Likely 
range 

Model-based range excluding future 
rapid dynamical changes in ice flow 

Constant Year 2000 
concentrations2 

0.6 0.3 – 0.9 NA 

B1 scenario 1.8 1.1 – 2.9 0.18 – 0.38 

A1T scenario 2.4 1.4 – 3.8 0.20 – 0.45 

B2 scenario 2.4 1.4 – 3.8 0.20 – 0.43 

A1B scenario 2.8 1.7 – 4.4 0.21 – 0.48 

A2 scenario 3.4 2.0 – 5.4 0.23 – 0.51 

A1FI scenario 4.0 2.4 – 6.4 0.26 – 0.59 

 
The IPCC predicts that the global mean temperature will rise by 1.1°C to 6.4°C by the end of the 
21

st
 century. These values remain consisted, considering that the IPCC 3

th
 Assessment Report, 

published in 2001, predicted a rise of 1.4°C to 5.8°C. Still, it can be stated that the future climate 
will change. And the effects of these changes need to be taken into account for. 

  

                                                             
1
 These estimates are assessed from a hierarchy of model that encompass a simple climate model, several 

Earth System Models of Intermediate Complexity and a large number of Atmosphere-Ocean General 
Circulation Models (AOGCMs). 
2 Year 2000 constant composition is derived from AOGCMs only. 
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2.2 The effect of climate change on cultural heritage 
Due to inevitable changes of the future climate, the interest in climate change has reached high 
levels. Still the impact on cultural heritage remains a somewhat neglected subject. Cultural 
heritage, being part of ones cultural identity, should be considered an important research subject. 
The definition of cultural heritage includes the built heritage, artefacts, archaeological sites, and 
cultural landscapes. The European project NOAH’S ARK (Sabbioni, Brimblecombe, & Cassar, 2010), 
states that linking the degradation of material surfaces of historical structures to global climate 
changes, is still of great challenge. Therefore, this threat of climate change to cultural heritage 
should be treated as a highly relevant aspect. The project NOAH’S ARK provides an overview of 
climate information, on a wide geographic scale. This is done by creating maps that link climate 
sciences to the potential cultural heritage degradation. The time periods for which the different 
maps are created are the recent past (1961-1990), the near future (2010-2039), and the far future 
(2070-2100). The IPCC SRES A2 scenario was used to create these maps.  
 

2.2.1 Cultural Heritage 

The effect of climate change on cultural heritage is coherent with other aspects, such as physical, 
social, and cultural impacts. The complex interactions are combined by the UNESCO World 
Heritage Report 22, and presented as a table containing the principal climate change risk and 
impact on cultural heritage. A reprint of this table is found in Table 2.3. 
 
Table 2.3: Principal climate change risk and impacts on cultural heritage  

(Reprinted from: (UNESCO, 2007)) 

Climate indicator Climate change risk Physical, social and cultural impacts on cultural 
heritage 

Atmospheric 
moisture change 

- Flooding (sea, river): 
- Intense rainfall; 
- Changes in water-table levels;  
- Changes in soil chemistry; 
- Ground water changes; 

- Changes in humidity cycles; 
- Increase in time of wetness; 
- Sea-salt chlorides 

- pH changes to buried archaeological 
evidence; 

- Loss of stratigraphic integrity due to 
cracking and heaving from changes in 
sediment moisture; 

- Data loss preserved in waterlogged / 
anaerobic / anoxic conditions; 

- Eutrophication accelerating microbial 
decomposition of organics; 

- Physical changes to porous building 
materials and finishes due to rising 
damp; 

- Damage due to faulty or inadequate 

water disposal systems; historic 
rainwater goods not capable of handling 
heavy rain and often difficult to access, 
maintain, and adjust; 

- Crystallisation and dissolution of salts 

caused by wetting and drying affecting 
standing structures, archaeology, wall 
paintings, frescos and other decorated 
surfaces; 

- Erosion of inorganic and organic 
materials due to flood waters; 

- Biological attack of organic materials by 
insects, moulds, fungi, invasive species 

such as termites; 
- Subsoil instability, ground heave and 

subsidence; 
- Relative humidity cycles/shock causing 

splitting, cracking, flaking and dusting of 
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materials and surfaces; 
- Corrosion of metals; 

- Other combined effects eg. increase in 
moisture combined with fertilizers and 
pesticides; 

Temperature 

change 

- Diurnal, seasonal, extreme 

events (heat waves, snow 
loading); 

- Changes in freeze-thaw and 
ice storms, and increase in 

wet frost; 

- Deterioration of facades due to thermal 

stress; 
- Freeze-thaw/frost damage; 
- Damage inside brick, stone, ceramics 

that has got wet and frozen within 

material before drying; 
- Biochemical deterioration; 
- Changes in ‘fitness for purpose’ of some 

structures. For example overheating of 

the interior of buildings can lead to 
inappropriate  alterations to the historic 
fabric due to the introduction of 
engineered solutions; 

- Inappropriate adaptation to allow 
structures to remain in use; 

Sea-level rises - Coastal flooding; 
- Sea-water incursion; 

- Coastal erosion/loss; 
- Intermittent introduction of large 

masses of ‘strange’ water to the site, 
which may disturb the metastable 
equilibrium between artefacts and soil; 

- Permanent submersion of low lying 

areas;  
- Population migration; 
- Disruption of communities; 
- Loss of rituals and breakdown of social 

interactions; 

Wind - Wind-driven rain; 
- Wind-transported salt; 
- Wind-driven sand; 

- Winds, gusts and changes in 
direction; 

- Penetrative moisture into porous 
cultural heritage materials; 

- Static and dynamic loading of historic or 

archaeological structures; 
- Structural damage and collapse; 
- Deterioration of surfaces due to erosion; 

Desertification - Drought; 

- Heat waves; 
- Fall in water table; 

- Erosion; 

- Salt weathering; 
- Impact on health of population; 
- Abandonment and collapse; 
- Loss of cultural memory; 

Climate and 
pollution acting 
together 

- pH precipitation; 
- Changes in deposition of 

pollutants; 

- Stone recession by dissolution of 
carbonates; 

- Blackening of materials; 
- Corrosion of metals; 

- Influence of bio-colonialisation; 

Climate and 
biological effects 

- Proliferation of invasive 
species; 

- Spread of existing and new 
species of insects (eg. 
termites); 

- Increase in mould growth; 

- Changes to lichen colonies on 
buildings; 

- Decline of original plant 
materials 

- Collapse of structural timber and timber 
finishes; 

- Reduction in availability of native 
species for repair and maintenance of 
buildings; 

- Changes in the natural heritage values of 

cultural heritage sites; 
- Changes in appearance of landscapes; 
- Transformation of communities ; 
- Changes the livelihood of traditional 

settlements; 

- Changes in family structures as sources 
of livelihoods become more dispersed 
and distant; 
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2.2.2 Monumental churches 

Many monumental churches are considered to be cultural heritage. Most monumental churches 
are high buildings constructed out of thick walls, with enormous spans and columns as extra 
construction support. Even though, those buildings are designed in many architectural styles, such 
as Gothic, Roman style, Baroque, and Renaissance. The typical structure of a monumental church is 
likely to consist of materials like wood, stone, and brick.  
 
As stated before, the NOAH’S ARK project presents several risk topics of materials, amongst others 
typical for monumental churches. An idea of the future climate change impact on those typical 
used materials; brick, wood, stained glass, will be presented in an overview in Table 2.3 – Table 2.7. 
 
 
Table 2.4: Risk Map: Moisture Content of Brick Wall (source: (Sabbioni, Brimblecombe, & Cassar, 2010)) 

Material Brick  

Risk Moisture Content [%]  
Percentage of the dry mass 

 

Risk 
description 

A high moisture contents in brick 
can result in several negative 
processes like frost damage, 
mould, and salt crystallization 

Recent past Average moisture content 
increase of 0% in Southern 
Europe to 1% in Northern 
Europe 

Near future Similar to the recent past 

Far future Pattern is similar to the recent 
past, however brick is getting 
dryer   
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Table 2.5: Risk Map: Climate Induced Decay of Indoor Wooden Objects (source: (Sabbioni, Brimblecombe, & Cassar, 2010)) 

Material Wooden objects (indoor)  

Risk Humidity Shocks  
 

 

Risk description Variations in relative 
humidity causes swelling and 
shrinking of wood, which 
leads to stress and can cause 
irreversible deformation and 
mechanical damage  

Recent past – 
far future 

Between 1961 and 2099 the 
number of humidity 
variations will increase by up 
to 100% in Europe, expect 
for the very North 

 
 
 
 
 
Table 2.6: Risk Map: Climate Induced Decay of Outdoor Wooden Structures (source: (Sabbioni, Brimblecombe, & Cassar, 2010)) 

Material Wooden structures 
(outdoor) 

 

Risk Fungal Growth  
 

 

Risk description Fungi might induce damage 
on outdoor wooden 
structures. Temperature 
and precipitation are used 
as input parameters. 

Recent past – far 
future 

Between 1961 and 2099 the 
risk of damage by fungi will 
increase by 50% in North 
and East of Europe, resulting 
from a rise in temperature 
combined with higher 
precipitation levels. The 
South and West of Europe 
will become drier, resulting 
in a decrease of fungi 
damage by 30%. 
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Table 2.7: Risk Map: Moisture Content of Sandstone Wall (source:  (Sabbioni, Brimblecombe, & Cassar, 2010)) 

Material Sandstone   

Risk Moisture Content [%]  
Percentage of the dry 
mass  

 

Risk description A high moisture contest in 
brick can result in several 
negative processes like, 
frost damage, mould, and 
salt leaching 

Recent past Average moisture content 
increase of 1% in Southern 
Europe to 3% in Northern 
Europe 

Near future Similar to the recent past, 
small differences with the 
recent past 

Far future Pattern is similar to the 
recent past, however 
Pattern is similar to the 
recent past, however 
sandstone is getting dryer   

 
 
 
Table 2.8: Damage Map: Corrosion of Medieval Stained Glass Windows (source: (Sabbioni, Brimblecombe, & Cassar, 2010))  

Material Medieval Stained Glass 
Windows.  

 

Risk Corrosion  

 

Risk description Historic stained glass, 
often soda glass, is very 
sensitive to corrosion. This 
is influenced my humidity, 
atmospheric pollution, 
dust, micro-organism and 
synergistic interactions of 
these parameters 

Recent past – far 
future 

Due to a combined effect 
of average annual 
temperature and relative 
humidity, a risk decrease 
will occur. Still stained 
glass windows remain at 
risk   

 
Monumental churches are often built with the most beautiful and durable stone, that were 
available in the area. These stones will always be exposed to weathering caused by natural 
environmental factors, such as sun, frost, wind and rain.  
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2.3 Indoor climate  
The indoor climate of a building is likely to be influenced by the outdoor climate. Therefore, 
outdoor changes will reflect on the indoor climate. Nowadays, installations can be used to provide 
in an indoor climate, optimal for the preservation of a collection. However, the wide variety of 
types of building and their functions, result in the need of many different of indoor climates. 
 

2.3.1 Churches  

In the past, churches used to be unheated building, with an indoor climate that was solely 
determined by the outdoor climate. The massive church walls, combined with a large air volume, 
little natural ventilation, and small windows resulted in a rather stable indoor climate. As a result, 
indoor climate differences between day and night were negligible. And the indoor climate of the 
building remained warm during wintertime and cool during the summer. In his PhD thesis, Dr.ir. 
H.L. Schellen discussed the indoor climate and preservation of monumental churches (Schellen, 
2002). These specific building aspects resulted in reasonably well indoor climate conditions for 
preservation, even when the outdoor climate changes. It can also be stated that because of the 
building dimensions, monumental interiors of monumental churches experienced little effects of 
the climate change throughout the centuries. 
 
Modern day buildings are likely to have a comfortable indoor climate. Over the years, the demand 
of a highly comfortable thermal indoor church climate increased. This combined with new 
functions of church buildings, due to the decrease of the number of churchgoers, has resulted in 
alterations of many churches. As a result many monumental churches have been equipped with 
heating, such as warm air heating, floor heating, (infrared) radiant heating, radiator heating, 
convector heating, and local and pew heating.  
 
In his PhD thesis Dr.ir. H.L. Schellen describes the damaging effects on interior of a heated church. 
The combination of high temperature as a result of heating, with serious periods of frost, resulted 
in significant periods of low relative humidity. Which correlates to damage to the interior and 
organs of a church due to drying and resulted shrinkage of wood. Low surface temperatures on the 
walls and glazing, combined with high air humidity caused by moisture sources like an open-air 
infrared gas heater, will result in surface condensation. Due to relatively large airflows, combines 
with low surface temperature, problems with the thermal comfort in a church and the energy 
consumption may occur. The height of the churches in combination with poor insulated walls and 
floors is likely to result in a situation where the heating capacity does not meet the required 
heating capacity. Consequently, the heating temperature will be increased, in order to meet a fair 
degree of thermal comfort. As a result the opposite effect will occur, due to the thermal driven air 
flows combined with the low surface temperature. The degree of thermal comfort is lowered, and 
even more heat is needed. 
 
Still, the moderate heating of a church has a positive effect on building and interior preservation. 
However, as described before, heating during wintertime might result in a decrease of relative 
humidity, which subsequently might result in hygric shrinkage and cracking of wooden parts, such 
as organs. These organs, and other higher placed interior parts due to thermal stratification, are at 
higher risk. By using computerized control to pursue the preservation criteria, optimal regulation of 
the indoor climate is possible. The determined boundaries necessary of optimal presentation of 
the interior are determined by Dr.ir. H.L. Schellen. In case of a relative humidity level lower than 
40%, heating should be switched off. And in case of a relative humidity level exceeding 75%, 
heating should be switched on. The use of protected glazing will increase the radiant temperature 
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combined with reducing the downward airflows. As a result, the thermal comfort will be increased, 
indoor surface condensation will be reduced, and energy losses will be lower.  
 

2.3.2 Museums 

Similar to the importance of the preservation of cultural heritage is the protection of major 
historical and cultural objects, such as books, work of art and historical artefacts. The collections 
are exposed to many treats, and in order to protect the objects a compromise must be made 
between the theoretically ideal environment and the practical. Protection of an object should not 
conflict with the public and social function of a museum. The American Society of Heating, 
Refrigeration and Air – Conditioning Engineers (ASHRAE) provides in a set of important climate 
guidelines. ASHRAE created several climate classes, relating to certain ranges in relative humidity 
and temperature. The degradation risks cause by relative humidity and temperature can be divided 
into three types: biological, mechanical, and chemical degradation. Table 2.9 presents a reprint of 
ASHRAE climate class guidelines (ASHRAE, 2011). 
 
Table 2.9: Temperature and Relative Humidity Specifications for Collections (source: (ASHRAE, 2011)) 

Type Set point or 

annual value 

Maximum Fluctuations and Gradients in Controlled 

Spaces 

Collection Risks and Benefits 

Class of 
control 

Short 
fluctuations & 
space gradients 

Seasonal 
adjustments in 
system set point 

General 

Museums, 
Art Galleries, 
Libraries and 
Archives 
 
All reading 
and retrieval 

rooms, rooms 
for storing 
chemically 
stable 
collections, 
especially if 

mechanically 
medium to 
high 
vulnerability 

50%RH (or 

Historic annual 
average for 
permanent 
collections) 
Temperature 
set between 
15 and 25ºC 

Note: rooms 
intended for 
loan 
exhibitions 
must handle 
set point 

specified in 
load 
agreement, 
typically 
50%RH, 
21ºC but 
sometimes 55 

or 60%RH 

AA 

Precision 
control; no 
seasonal RH 
changes 

±5%RH, ±2K Relative humidity 

no 
change, Up 5K; 
down 
5K 

No risk of mechanical damage to 

most artefacts and paintings. 
Some metals and minerals may 
degrade if 50%RH exceeds a 
critical relative humidity. 
Chemically unstable objects 
unusable within decades. 

A 
Precision 
control; some 
gradients or 
seasonal 
changes, not 

both 

As 
±5%RH, ±2K 

Up 10%RH; down 
10%RH; Up 5K, 
down 10K 

Small risk of mechanical damage 
to high vulnerability artefacts; no 
mechanical risk to most artefacts, 
paintings, photographs, and 
books. Chemically unstable 
objects unusable within decades. 

A 
±10%RH, ±2K 

RH no change; Up 
5K, down 10K 

B 
Precision 
control; some 
gradients 
plus 

winter 
temperature 
setback 

±10%RH, ±5K Up 10%RH, down 
10%RH; Up 10K 
but 
not above 30ºC, 
down 

as low as 
necessary to 
maintain RH 
control) 

Moderate risk of mechanical 
damage to high vulnerability 
artefacts; tiny risk to most 
paintings, most photographs, 
some artefacts, some books; no 

risk to many artefacts and most 
books. Chemically unstable 
objects unusable within decades, 
less if routinely at 30°C, but cold 
winter periods double life. 

C 

Prevent all 
high risk 
extremes 

Within 25 to 75%RH year-round 

Temperature rarely over 30°C, usually 
below 25°C 

High risk of mechanical damage to 

high vulnerability artefacts; 
moderate risk to most paintings, 
most photographs, some 
artefacts, some books; tiny risk to 
many artefacts and most books. 
Chemically unstable objects 

unusable within decades, less if 
routinely at 30°C, but cold winter 
periods double life. 

D 
Prevent 
dampness 

Reliably below 75%RH High risk of sudden or cumulative 
mechanical damage to most 
artefacts and paintings because of 

low-humidity fracture; but avoids 
high-humidity delimitation and 
deformations, especially in 
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veneers, paintings, paper, and 
photographs. Mould growth and 
rapid corrosion avoided. 

Chemically unstable objects 
unusable within decades, less if 
routinely at 30°C, but cold winter 
periods double life. 

Archives, 

Libraries 
 
Storing 
chemically 
unstable 
collections 

Cold store: 

-20ºC, 
40%RH 

±10%RH, ±2K Chemically unstable objects 

usable for millennia. Relative 
humidity fluctuations under one 
month do not affect most 
properly packaged records at 
these temperatures (time out of 
storage becomes lifetime 
determinant). 

 Cool store: 
10ºC, 30 to 
50%RH 

(Even if achieved only during winter setback, this is a net 
advantage to such collections, as long as damp is not 
incurred) 

Chemically unstable objects 
usable for a century or more. Such 
books and papers tend to have 
low mechanical vulnerability to 
fluctuations. 

Special metal 
collections 

Dry room: 0 
to 30% 

Relative humidity not to exceed some critical value, 
typically 30%RH 

 

 
Due to the variety of types degradation risk to museum buildings and their collections, a 
determination of the major risk of a specific object, is important. In his PhD thesis Dr.ir. M.H.J. 
Martens discusses these risks in order to establish a risk assessment (Martens, 2012). The state of 
the building is closely related to the indoor climate. A museum might be a purpose-built building or 
an already existing building of historical significance, such as a church or cathedral. In most 
buildings the indoor climate is not uniform for the entire building, resulting in microclimates. An 
advantage of a microclimate is the possibility to adjust the indoor climate locally, in order to 
protect an object. When specific climate control is needed, a showcase including a controlled 
microclimate might be the right solution.  
 
In time, the understanding and interest in preservation of historical and cultural objects has 
increased. In The Netherlands, the Netherlands Court of Audit (Algemene rekenkamer) stated in 
1988 that the preservation of important Dutch collections needed to be improved. Key elements to 
improve this situation were determined; registration, preservation, restoration, accommodation, 
and security (Martens, 2012). This subsequently led to the introduction of the Delta Plan 
Cultuurbehoud in 1990 (Cultural Policy in The Netherlands, 2006). However, this Deltaplan did not 
define any indoor climate standard. Nowadays, the Cultural Heritage Inspectorate 
(Erfgoedinspectie) is responsible for monitoring the registration, preservation, storage, and risk 
management of the Dutch collections. Since 2003, the TU/e takes part in the monitoring of the 
indoor climate, contracted by the Cultural Heritage Inspectorate. Dr.ir. M.H.J. Martens stated that 
the climate guidelines, developed over the years, can be considered to be very strict. This led to 
the investigation of the degradation process caused by the indoor climate. And subsequently to a 
new method, the Specific Risk Assessment (SRA) in which the temperature and relative humidity 
are directly related to the risks for certain objects. Further investigation also concluded that the 
ventilation rate of the building and the quantity of exterior surface area, are of great influence to 
the damage risks of the objects. The number of visitors is also of substantial influence. Moreover, 
the chosen set points for temperature and relative humidity are very important. The installation of 
a climate system will result in less object risk, and might even have potential for energy saving. 
However, it must be taken into account that new risks will be introduced, by placing a climate 
system. For example, system failure might result in the exposure of objects to a more harmful 
climate. 
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3. Case Study 
Two churches have been selected for this study because of their evident similarities in combination 
with significant differences. The first church is the Great Church of Breda, The Netherlands, and the 
second church is the Saint Bavo’s Cathedral of Ghent, Belgium. Before the churches can be looked 
at in a building physics perspective, a more general analysis is necessary. Therefore this chapter 
will give a detailed insight on the more general facts of the buildings. After an introduction on the 
history and primary facts of the building, the works of art situated in these churches, will be 
discussed. Subsequently the building analysis will be presented, following by information referring 
to the climate monitoring of both buildings. This chapter will conclude with an overview of the 
most important differences and similarities. 
 

3.1 Great Church Breda 
The Great Church, also known as “Onze-Lieve-
Vrouwekerk”, which is translated as the Church of Our 
Lady, is considered one of the most important 
monumental buildings of Breda. Therefore, the church 
is determined to be a national monument (Rijksdienst 
voor het Cultureel Erfgoed, 2013). An extract of 
Rijksdienst voor Cultureel Erfgoed can be found in 
Appendix 1. The church was built in 1410, by extension 
of the old church, and was finished in its current shape 
around 1547. The cross-basilica stone church was 
originally built in Brabantine gothic style. However, 
restorations have altered the appearance of the church 
throughout the years, which is fairly common for these 
types of buildings. Table 3.1 summarizes the 
construction steps creating the Great Church, and table 
3.2 summarizes the adjustments of the building, during 
the years. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 3.2: Great Church Breda – Choir  

Fig. 3.1: Great Church Breda – Tower  
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Table 3.1: Construction steps creating the Great Church (Source: http://www.grotekerkbreda.nl) 

1410 – 1547: Constructing the church 

1410  The construction of the choir 

1412 The construction of:  
the nave with two side aisles;  
the transept;  
two chapels next to the choir; 
the North chapel; 
the South chapel; 

1468 - 1509 Construction of the tower (the old tower collapsed in 1457) 

1513 Installation of the tower bell 

1520 - 1525 Construction of the Prince Chapel 

1526 Construction of the side chapels 

1526 - 1536 Construction of the choir aisle 

1531 - 1538 Construction of the memorial stone and crypt 

1533 Vault paintings in the Prince Chapel 

 
 
 

Table 3.2: Renovation and restoration of the Great Church (Source: http://www.grotekerkbreda.nl) 

From 1547: Renovation and restoration of the church 

1694 - 1702 Renovation of the spire, because of a fire 

1843 - 1875 First large scale restoration of the tower. 

1902 - 1968 Restoration of the church, recovery of the vault and frescos 

1946 - 1968 Second restoration period of the tower 

1988 - 1992 Small restorations on the church  

1995 – 1998 Second large scale restoration of the church 

1998 Restoration of parts of the interior 

 
 
The Great Church is located at the Grote Markt and the 97 meter high tower is considered a 
famous eye-catcher of the city of Breda. Over time, the function of the building has expanded and 
nowadays, the church also functions as a museum, and is also used for all sorts of gatherings, such 
as weddings, congresses, fairs, concerts and other cultural activities. The foundation “Stichting 
Grote of Onze Lieve Vrouwe Kerk Breda” manages the church and attempts to contribute to the 
preservation of the church for future generations. (Grote Kerk Breda , n.d.).  
 

3.1.1 The Discovery of the True Cross 

The Prince Chapel is the old mausoleum, situated north from the choir, and was built from 1520 
until 1525. The chapel was built in favour of the ancestors of the Dutch Royal Family, and was 
therefore abundantly decorated with, for instance, vault paintings made by Tommaso di Andres 
Vincidor in 1533. This Prince Chapel also houses the triptych painting on wood “The Discovery of 
the True Cross”, an altarpiece by Jan van Scorel (1535). This important Dutch painter was 
considered one of the major introducers of the Renaissance in The Netherlands. The middle panel 
tells the story of Helena, the, to Christianity converted, Roman empress. She discovers three 
crosses in Jerusalem, while visiting the Holy Land in 324. The right panel portrays a deceased man 
who rises from the dead after touching one of the crosses. That particular cross is thereby revealed 
as the True Cross, the one upon which Christ died. The battle of the Milvio Bridge in Rome in 312 is 
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represented on the left panel. It was claimed that the victory of this battle was contributed by the 
God of the Christians, and was therefore the main motivation for Helena to go on a quest for the 
True Cross (Sprangers & van der Pol, 2009). Fig. 3.3 shows the whole altarpiece. 

 
Many works of art were damaged or destroyed during the Iconoclastic Fury, an outbreak of 
destruction of religious images that took place in Europe in the 16

th
 century. Fortunately this 

painting was preserved. Over time the triptych endured deterioration which resulted in loss of 
paint, probably as a result of leakage in the Prince Chapel. As a result, the painting was 
professionally restored in Amsterdam for the first time in 1905, followed by a second and third 
restoration in 1922 and 1961.  
 
Deferred maintenance, between 1969 and 1995, of the church walls, roof and stained-glass 
windows resulted in an indoor environment with high moisture content and a strong fluctuating 
temperature. The triptych suffered damage because of exposure to these influences. And as a 
result the painting let loose from the framework and cracks were shown. Meanwhile the varnishing 
turned out to be strongly polluted.  
 
In 2006 the most recent restorations started with a preliminary investigation of the painting by the 
use of infrared light to obtain highly detailed information of the triptych. Subsequently, the two 
side panels were restored intensively with respect to the original painting. During the restoration 
the process was delayed by unexpected measures that needed to be taken in order to restore the 
paint in the best way possible. Because of these developments, the restoration of the middle panel 
was less intensive. In 2013, the triptych was spaced in a metal frame, creating a secure way of 
presenting the painting, and making it possible to move the object if necessary. Nevertheless, the 
painting is not protected by a casing of any kind. The fully restored triptych was presented to the 
public on the 27

th
 of April 2013 (Grote Kerk Breda , n.d.). Table 3.3 summarizes the most important 

dates concerning The Discovery of the True Cross. 
 
 
 
 
 
 

Fig. 3.3: The Discovery of the True Cross (Source: http://www.breda-museum.org) 

http://www.breda-museum.org/
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Table 3.3: Summary of important data – The Discovery of the True Cross (Source: http://www.grotekerkbreda.nl) 

Summary of important data concerning The Discovery of the True Cross 

1535 The triptych is displayed in the Prince Chapel 

1905 - 1908 First restoration of the triptych in Amsterdam 

1922 Second restoration 

1961 - 1969 Third restoration 

1973 Start research on the painting by Dr. Van Asperen de Boer en Dr. Faries 

1977 Continued research by the Centraal Museum Utrecht 

1969 - 1995 Exposure of the painting to moisture and extreme temperature differences 

1995 - 1998 Restoration of the Great Church 

2006 Preliminary investigation of the painting and formulation of a restoration plan 

2007 Restoration of the two side panels and the stabilization of the middle panel 

2013 Placement of the triptych in a metal frame 

April 27, 2013 Presentation of the restored painting 

 

3.1.2 Building analysis 

In this section, the church will be analyzed in a more architectural and constructional way. First the 
type of buildings will be discussed following by a detailed overview of the layout of the building. 
Next materialization will be discussed.  
 

Style 

The church is built in the Brabantine gothic 
style, which is a version of the gothic style. This 
style distinguishes itself by the use of high 
pointed arches, which were able to support a 
more heavy weight. Enormous windows are 
also characteristic for the gothic style, resulting 
in a construction with only little supporting 
walls, and buttresses used to support the 
height of the building. These specific changes of 
the church construction created an altered 
church floor plan, which is typical gothic 
(McNamara, 2011). Fig. 3.4, Fig. 3.5, and Fig 3.6 
show several pictures of the church, from the 
inside and outside view, giving examples of the 
typical gothic building aspects.  
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 3.4: Typical large windows, adding to the perception of 
height of the church 

http://www.grotekerkbreda.nl/
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Building layout 

Fig. 3.7 shows the floor plan of the church, a typical cross basilica. A schematic floor plan of a cross 
basilica can be found in Appendix 2. Typical is the Eastern orientation of the choir, because of the 
importance of orientation in sunrise direction during praying. The different sections of the Great 
Church are listed in table 3.4. 
 

 
 
 

Fig. 3.5: Inside the church, pointed arches and enormous windows  Fig. 3.6: In the middle of the church, with a 
clear view of the organ. Little supporting 
walls and a strong perception of height 

Fig. 3.7: Floor plan of the Great Church Breda, Table 3.4 provides as legend (Source original floor plan: Architectenburo J. van 
Stigt b.v.) 
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Table 3.4: Legend Great church 

 Section  Section 

A Tower I Prince chapel 

B Aisle J Glass extension 

C Nave K (Public) toilets 

D Transept L Storage 

E Crossing M Office + storage 

F Choir N Kitchen 

G Apse O Office 

H Ambulatory P Toilets + storage 

 
The triptych The Discovery of the True Cross is placed at the Prince Chapel, on the North-East side 
of the church. The painting is displayed on the East side wall of the chapel, as shown in Fig. 3.8 and 
Fig. 3.9. This chapel is an open space, connected with the rest of the church.  
 

 
During the years, the church has been expanded with 
more functional spaces, such as an office space (O), a 
kitchen (N) and public toilets (K), shown at Fig 3.7. The 
glass extension was built during the restoration period of 
1995 – 1998, and covers the street between the church 
and the buildings situated on the North side of the church, 
on the Reigerstraat. Fig. 3.7 presents the precise location 
of the glass extension (J). Before the glass extension was 
built, the street mainly functioned as a storage space. Due 
to the height of the church, no sunlight was able to enter 
this space, resulting in a moist environment with wall 
covered in mould. During the restoration period the walls 
were cleaned intensively, and the glass covering was built. 
The glass extension has entrances on the East side 
(Reigerstraat), the West side (Torenstraat), and at the 
church wall side. Fig. 3.10 gives an impression of the glass 
extension. 
 
 

Fig. 3.8: Floor plan Great Church, the blue square marks the location of The 
Discovery of the True Cross (Source original floor plan: Architectenburo J. van Stigt 

b.v.) 

Fig. 3.9: Situation of The Discovery of the 
True Cross 

Fig. 3.10: West side street view of the glass 
extension 
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Materialization - The church walls 

The church walls are made of bricks in several different sizes and shapes. The cavity is filled with 
debris and the brick wall, at the inside of the church, is covered with plaster. The thickness of the 
walls varies throughout the whole building. The conditions of the walls did vary as well. Therefore, 
the church walls were treated during the restoration period of 1995 – 1998. Cleaning of the 
outside wall with water and salt revealed the damaged brickwork, which was restored. Due to a 
moisture problem in the walls several measures were taken. A moisture resister was injected in the 
walls, below ground level on the inside and outside of the church. Whenever the lower part of the 
wall was missing or damage, a new wall was constructed, as shown in Fig 3.12. A synthetic layer 
was placed up against the wall, in a specific angle to preserve the ground and lower parts of the 
walls from getting wet by rain.  

 
 

Materialization - The church windows 

As stated before, the enormous windows are typical for a gothic church. The windows are made of 
stained glass, which is a collection of many small pieces of glass hold together by lead. Throughout 
the years, many of these glass and lead pieces were damaged, together with some window 
construction parts. During the restoration, every stained glass window was repaired and equipped 
with secondary glazing on the outside, as shown in Fig 2.13. A radiation-resistance foil layer was 
placed on the secondary glazing, resulting in a positive effect on the indoor climate of the building. 
By using the radiation-resistance layer the amount of UV radiation entering the building was 
reduced, as were UV radiation is likely to harm works of art. 

Fig. 3.11: The used bricks are clearly shown at this image of the 

church outside wall 
Fig. 3.12: The darker colored brick is situated under 
ground level.  

Fig. 3.13: Stained glass windows equipped with secondary glazing 
(Source: http://www.grotekerkbreda.nl) 

Fig. 3.14: As a result of the backlight in this picture, the small 
stained glass pieces are clearly visible  

http://www.grotekerkbreda.nl/
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Materialization - The church floor 

The floor of the Great Church is covered with many gravestones dating from the 15th until the 19th 
century. During past restoration, the position of those stones disrupted. The last restoration period 
provided an opportunity to investigate the graves and to restore these disruptions. The damaged 
gravestones were repaired or replaced, and old sand was replaced with new sand, portrayed in Fig 
3.16. Furthermore, the church had chosen to integrate a floor heating system for the benefit of the 
indoor climate of the church. The main supplies were placed on top of the sand. Next, a damp 
resistant and thermal insulating layer was placed, keeping the moisture out, and the heat inside 
the building. On this synthetic layer, the floor heating pipes were placed as shown in Fig 3.15. This 
was topped off by a special kind of sand, so-called “breekzand”, that allows the heat to pass 
through easily. The floor was finished with the original tiles and grave stones. 

 
 

Materialization - The church roof 

The roof of the church is made of a load-bearing wooden beams construction, carrying the wooden 
roof construction, as shown in Fig 3.17 and Fig 3.18. The vaults are made of stone and are finished 
with plaster. This construction was also repaired and the vaults were restored by using cement to 
secure weak spots between the stones and plaster. This building being a gothic church, and 
therefore having a very high ceiling, resulted in restoration work on a high level (Grote Kerk Breda , 
n.d.).  

Fig. 3.15: The placement of the floor heating in the Great Church 
(Source: http://www.grotekerkbreda.nl) 

Fig. 3.16: A bird’s eye-view of the restoration of the 
gravestones. (Source: http://www.grotekerkbreda.nl) 

Fig. 3.17: Detailed section of the wooden beam constructions on the 

roof of the Great Church (Source: http://grotekerkbreda.nl)  

Fig. 3.18: Wooden beam construction carrying the 

wooden roof construction (Source: 
http://www.grotekerkbreda.nl)  

http://www.grotekerkbreda.nl/
http://www.grotekerkbreda.nl/
http://grotekerkbreda.nl/
http://www.grotekerkbreda.nl/
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Materialization - The glass extension 

The glass extension is made with 
structural glass by Octatube space 
structures b.v., thereby creating a 
maximum amount of transparency. The 
construction is slim and self-supporting 
which benefits the transparency. Fig. 3.19 
and Fig. 3.20 give an impression of the 
glass construction and the integration 
with the external church wall. The glass 
panels are made from a hardened upper 
glass plate of 8mm, with is heat soaked, 
followed by a cavity of 16mm, and a lower 
panel of half hardened glass with a low E-
coating. The floor of the glass extension 
has the same floor heating construction as 
the church itself, except for the top layer. The floor of the glass construction is made of brick, 
creating an illusion of extension of the streets as can be seen in Fig 3.21. 
  

 
 
  

Fig. 3.19: The Octatube construction at the glass extension 

Fig. 3.20: The integration of the Octatube construction in the 
outside wall of the Great Church 

Fig. 3.21: The floor of the glass extension seems to continue 
throughout the streets 
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3.1.3 Climate monitoring 

The Great Church of Breda was included as a case study for CLIMATE FOR CULTURE project, and 
added to the Physics of Monuments database in May 2007, by orders of the foundation Grote Kerk 
Breda. The church is monitored and data of the indoor climate is gathered, by measuring the 
humidity, temperatures and CO2 concentration. Several sensors collect and store data at different 
locations in and around the building, for example nearby the Prince Chapel. A total overview of the 
measurement setup can be found in Appendix 3.  
 

Outdoor climate Breda 

The outdoor climate of Breda is considered a moderate oceanic climate. The amount of rain is 
more than average, because of the strong wind from the West, resulting in rain showers that 
originally originate in the province of Zeeland. The winters are cold, with an average minimum 
temperature of 0°C and average maximum temperature of 6°C in January and February. Still, there 
appear to be not many long periods of frosty weather. During the summer the average climate is 
just above 20°C (Weer & klimaat van alle landen, n.d.). Since May 2007, the outdoor temperature 
and humidity nearby the Great Church have been measured. The outdoor climate of Breda is 
further discussed in paragraph 4.2.1. 
 

Indoor climate Great Church 

During the thorough restoration of the church between 1995 and 1998 several important 
constructional adjustments were made. The church was insulated and floor-heating was installed 
to reduce the moisture and temperature problems that the building was experiencing. This floor 
heating system is now the main heating system in the church. In situations where additional 
heating is needed the air heating systems will assist. The heating of the church is manual 
controlled, generally resulting in switching off the heating during summer months.  
 
The Great Church has installed a new measure and control system in pursuit of a better climate 
control. Within this system, the church is divided in different zones, each measuring the relative 
humidity of that zone. In case of a relative humidity value of 40% and lower, an alarm is set off. 
And in case of a clear rise in temperature, the heating will be cut off. Humidifiers are placed at 
specific locations in the church. 
 
Because of the triptych, the Prince Chapel is strictly monitored by the staff of the Great Church. 
The middle panel of the painting is still in poor conditions and the outside of the triptych has 
damage of moisture. This is believed to be partly caused by the location of the painting, which was 
placed next to the exterior wall. Whenever the relative humidity reaches 40% or lower, humidifiers 
are placed to help rising the amount of moisture in the air. Since April 2012, adjustments have 
been made to the indoor climate around The Discovery of the True Cross. In order to reduce the 
peaks in the temperature and relative humidity values, the floor heating was turned off in the 
Prince Chapel.  
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3.2 Saint Bavo’s Cathedral Ghent 
As the oldest parish church of Ghent, the Saint 
Bavo’s Cathedral is an impressive eye-catcher. 
The cathedral is a building of lasting historic 
value, therefore the building has been listed on 
the preserved monuments record, since 1936 
(Inventaris Onroerend Erfgoed, 2012). Detailed 
information can be found in Appendix 4. The 
Saint Bavo’s Cathedral is the seat of the diocese 
of Ghent, and holds the name of Saint Bavo of 
Ghent. The building started as a wooden 
constructed chapel and was consecrated by 
Transmarus, bishop of Tourai and Noyon, in 
942. In 1038, an expansion of the chapel 
resulted in a Romanesque style church, with 
the present day crypt as one of the relics. A 
further expansion started in the 14

th
 century, 

resulting with a gradually transformation in the 
present Gothic style building. The diocese of 
Ghent was founded in 1559 and consequently, 
the church became officially a cathedral (Saint-
Bavo's Cathedral Ghent - Building, 2010). Just 
like the Great Church of Breda, this cathedral 
has been altered throughout the centuries. The 
construction steps taken to create the current 
building, and some important events, are 
summarized in table 3.5.  
 
 

Table 3.5: Construction steps creating the Saint Bavo’s Cathedral (Source: http://www.gent.be) 

942 - 1559 Constructing the cathedral 

942 Wooden chapel  

1038 Romanesque church, cross-shaped with crypt 

Beginning 
14th century 

Demolishment of the Romanesque church 
Building of the Gothic church  
Construction of the choir 

Begin  
15th century 

Construction of the ambulatory 
Construction of the radiating chapel 

1462 – 1538 Construction of the Western tower 

1533 Construction of the nave  
Construction of the transept 

1559 Appointed as cathedral 

1566 / 1578 Vandalism during Iconoclasm Fury 

1602 Several towers destroyed by fire   

1604 Destruction of the roof by fire 

 
An ambitious 25 million worth restoration operation started in the summer of 2005, and is likely to 
last 15 years. The goal of the restoration is, mainly, the preservation of the cathedral. The project 
that focuses on the restoration of the tower started on 7 May 2013.  
  

Fig. 3.22: Saint Bavo’s Cathedral – Tower 

http://www.gent.be/
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3.2.1 The Adoration of the Mystic Lamb/The Ghent Altarpiece  

The Saint Bavo’s Cathedral houses several impressive art pieces, including the important and 
famous work of art, the polyptych “The Adoration of the Mystic Lamb” nowadays known as “The 
Ghent Altarpiece”, by Hubrecht and Jan van Eyck. This painting is considered the Flemish 
masterpiece of the 15th century. The polyptych was painted at the request of Joost Vijdt, who was 
the alderman of Ghent, for several times since 1396, and the church warden of t Saint Bavo’s 
Cathedral. 
 
The polyptych consists of 12 different panels, with dimensions, when fully opened, of 4.40 by 3.40 
meters. The painting is decorated on both sides with each side showing a distinctively different 
image. The work of art is painted on wooden oak panels and the paint that was used consists of 
mineral pigments in a cement of drying oil.  

 
The polyptych its main theme is the glorification or the heavenly apotheosis of man’s salvation and 
sanctification by the sacrifice of Christ (Saint-Bavo's Cathedral Ghent - Building, 2010). The lower 
centre panel portraits the Lamb of God placed on an altar and worshiped by several groups, in 
concentric circles, overseen by the dove of the Holy Spirit. The upper panels show, starting at the 
right; Eve, angel musicians, John the Baptist, Deity, Virgin Mary, singing angels and Adam. The 
lower right and left panels portrait several individuals moving towards the mystic Lamb (The Ghent 
Altarpiece, n.d.).  
 
When the shutters of the polyptych are closed, a portrait of the givers of the work of art, Joost 
Vijdt and Elisabeth Borluut is shown at the lower right and lower left. The lower middle portraits 
two statues, made in grisaille, of John the Evangelist on the right and John the Baptist on the left. 
The annunciation to Mary by Archangel Gabriel is show at the two outer middle panels. 

Fig. 3.23: The Ghent Altarpiece – fully opened (Source: http://closertovaneyck.kikirpa.be)  

http://closertovaneyck.kikirpa.be/
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Measures were taken as a result of the theft of two 
panels in 1934, of which one was never recovered. 
The altarpiece was placed in a highly secured 
showcase at the villa chapel, also known as the 
baptistery, of the cathedral, instead of the Joost Vijdt 
Chapel as shown in Fig. 3.26. This showcase has been 
equipped with a burglar alarm, armed doors and 
twenty-four hour camera surveillance, since 1986.  
 
Around 2007 concerns emerged regarding the state 
of conservation of the work of art, which had been 
housed for several years in the glass showcase. The 
main problem was the climate condition, which 
seemed to be fluctuating and therefore highly 
inadequate. The organization Monumentenwacht 
Vlaanderen and the Belgian Royal Institute for 
Cultural Heritage (KIK/IRPA) were the first to call for 
an urgent need of conservation treatments. As a 
consequence, several experts specialized in 
conservation and restoration techniques as well as in 
technical art history, have been working together 
since 2008. Furthermore, the church wardens 
requested to investigate possible alteration of the 
location of the altarpiece, and the needed improvement of those locations. Because of the need of 
an urgent conservation treatment of the work of art, this matter has been postponed to a later 
date. In 2010 the polyptych experienced a thorough scientific investigation and preservation of the 
painting. In order to maintain the visibility of the altarpiece during this first conservation and 
restoration operation, the Villa Chapel was temporary altered into a studio and closed off by a 
glass wall as shown in Fig. 3.25 (van Grevenstein & Spronk, 2011).  
 

Fig. 3.24: The Ghent Altarpiece – closed (Source: 
http://closertovaneyck.kikirpa.be) 

Fig. 3.25: Floor plan of the Villa Chapel with 
in red the position of the placed glass 

(Source: (van Grevenstein & Spronk, 2011)) 

Fig. 3.26: Floor plan of the Saint Bavo’s Cathedral in Ghent with the Villa Chapel 
or baptistery (A), and Vijdt Chapel (B) (Source: (de Backer, van Belleghem, 

Steeman, de Paepe, & Janssen, 2011) floor plan retrieved from  
http://www.archinform.net/projekte/7280.htm)   

http://closertovaneyck.kikirpa.be/
http://www.archinform.net/projekte/7280.htm
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A five-year operation started in September 2012 and is accommodated by the Museum of Fine Art 
in Ghent and the work in progress can be viewed live by visitors of the museum. During the 
ongoing restoration program, the work of art will still be displayed, except for the panel treated at 
that moment (Saint-Bavo's Catherdral Ghent - Mystic Lamb, 2012). The most important dates 
concerning the Discovery of the True Cross are summarized in table 3.6. 
 

Table 3.6: Summary of important data – The Ghent Altarpiece (Source: www.http://users.skynet.be/sintbaafskathedraal-
gent/NL_lamgods.html) 

Summary of important data concerning The Adoration of the Mystic Lamb 

1432 The painting is displayed for the first time 

1566 The painting is hidden during the Iconoclastic Fury 

1574 Suggested donation to Queen Elisabeth of England by the local council 

1794 The central panels are taken to Paris by France Solders, the side panels are 
hidden 

1815 Return of the middle panels 

1816 The side panels, except Adam and Eve, are sold and end up in Prussia 

1822 The rest of the panels escapes from a huge fire 

1861 The remaining side panels (Adam and Eva) are sold to the Belgium Royal 
Galleries of Art 

1914 The central paintings are hidden during a German invasion 

1920 The panels are united again 

1934 Two panels are stolen 

1940 The polyptych is taken by the German forces 

1946 The painting is returned to the Saint Bavo Cathedral in Ghent 

1986 The movement of the polyptych to the Villa Chapel, its current location 

2012 Start of the five-year restoration period 

 

3.2.2 Building analysis 

This section will provide a more architectural and constructional analysis of the cathedral. First, the 
type of building will be shortly discussed, followed by a clarification of the building floor plan. Next 
the construction and materialization will be dealt with. 
 

Style 

Similar to the Great Church of Breda, the Saint Bavo’s Cathedral has also been built in the gothic 
style. More specific Schelde gothic, a gothic architectural style with Schelde influences. The Schelde 
gothic style is a typical Flemish style, named after its region. Romanesque features like round 
corner towers are combined with typical gothic pointed arches resulting in an accent on the height 
of the building, without the gothic slimness of the church. Buildings in the Schelde gothic style are 
built with characteristic blue natural stone from Doornik (Kunststromingen langs de Schelde, n.d.). 
Examples of the Schelde gothic style elements are shown in Fig 3.27 and Fig. 3.28.   
 
 
 
 
 
 

http://www.http/users.skynet.be/sintbaafskathedraal-gent/NL_lamgods.html
http://www.http/users.skynet.be/sintbaafskathedraal-gent/NL_lamgods.html
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Building floor plan 

The floor plan of the Saint Bavo’s Cathedral is shown in Fig 3.29. The choir has the typical Eastern 
orientation, similar to the Great Church of Breda. Both floor plans are quite similar, regarding to 
the global layout of buildings, even though the Saint Bavo’s Cathedral is larger than the Great 
Church of Breda. The different sections of the cathedral are listed in Table 3.7.  
 

 
 
 

Fig. 3.27: Inside the church, show the pointed 

arches  

Fig. 3.28: A bird’s eye perspective of the cathedral, showing the accents on the 
height of the building without the typical gothic slimness (Source: 

http://www.youropi.com/nl/gent/locations/sint-baafskathedraal-391) 

Fig. 3.29: Floor plan of the Saint Bavo’s Cathedral Ghent, Table 3.7 provides as legend (Source original floor plan: 
http://www.archinform.net/projekte/7280.htm)   

http://www.youropi.com/nl/gent/locations/sint-baafskathedraal-391
http://www.archinform.net/projekte/7280.htm
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Table 3.7: Legend Saint Bavo’s Cathedral 

 Section  Section 

A Tower H Ambulatory 

B Aisle I Villa Chapel 

C Nave J Vijdt Chapel 

D Transept K Sacrament Chapel 

E Crossing L Crypt 

F Choir M Museum store 

G Apse N Entrance 

 
The showcase in which The Ghent Altarpiece is 
placed is situated in the Villa Chapel. This chapel 
measures a length of 9.5 meters by a width of 8.0 
meters, as shown in Fig. 3.25. The chamber is 
divided by a suspended ceiling construction, which 
functions as a barrier against daylight and will 
protect the painting as a closure in case of fire in 
the cathedral. The Villa Chapel was built out of 
Belgian Ledian sandstone. The showcase created in 
1986, was constructed of 34 mm thick glass, in a steel frame (de Backer, van Belleghem, Steeman, 
de Paepe, & Janssen, 2011). Fig. 3.30 provides a vertical section image of the showcase. 
 

Construction and materialization 

Although the cathedral, as a building, has a strong 
and stable appearance, the construction suffered 
throughout the years. In 1998, the walls and vaults 
of the choir of the cathedral needed urgent 
stabilization measurements. The building was 
originally built without flying buttresses, which 
caused serious instability, in combination with load 
factors as wind, weight, and erosion. As a result 
deformation occurred, and several buttresses, the 
apse, and the roof construction suffered quite a lot 
of damage. The entire clerestory was restored in 
2006 until 2010 by, among others, the placement of 
beams in reinforced concrete to absorb the arch 
thrust, and the enhancing of the buttresses by 
vertical reinforcement. The walls that are originally 
from Doornikse natural stone were damaged as 
well, and therefore restored. An example of the 
church façade is presented in Fig 3.31. The roof of 
the cathedral is made by a load-bearing beams 
construction of wood with a slate-roof. The damaged 
parts of the slates were replaced or restored. The 
stained glass windows were originally made in 1870. 
The restoration took places in a way that secured a 
maximum amount of the authentic materials. 
Secondary glazing was used for extra protection of 
the stained glass windows (Architectenbureau 
Bressers, n.d.).   

Fig. 3.30: Cross section of the construction in the Villa 

Chapel, the blue square marks the location of The Ghent 
Altarpiece (Original source: (de Backer, van Belleghem, 
Steeman, de Paepe, & Janssen, 2011)) 

Fig. 3.31: The outside wall of the cathedral, clearly 
affected by pollution 

Fig. 3.32: The stained glass is clearly visible due to the 

backlight effect in this picture 
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3.2.3 Climate monitoring 

The monitoring project of the Saint Bavo Cathedral by Eindhoven University of Technology, started 
at the 5

th
 of July 2011. Sensors have been placed in and outside the building, gathering data by 

measuring the humidity and temperature. A detailed overview of the measurement setup is shown 
in Appendix 5. Both the polyptych and the building are included in the case study.  
 
The altarpiece is considered a highly complex object not only due to its iconography, but also 
because of its material history. Over time, several panels have been separated from each other on 
a regular basis for many years, therefore being exposed to distinctively different climate 
conditions, and as a result, restoration treatments. These different complex material histories 
demand a measurement strategy for any future conservation or restoration plan for the future 
(van Grevenstein & Spronk, 2011).  
 

Outdoor climate Ghent 

The climate in Ghent is as a moderate oceanic climate influenced by the warm Atlantic Gulf 
Stream, and is similar to the climate in Breda. The average amount of rain is the least during spring 
time. Likewise to Breda, the winters are cold with an average minimum temperature of 1 and 0 
degrees Celsius in January and February. And the summers are quite sunny with an average 
temperature of 19 degrees Celsius (Weer & klimaat van alle landen, n.d.). The outdoor 
temperature and the humidity, outside the Saint Bavo’s Cathedral, have been measured since July 
2011. The outdoor climate of Ghent is further discussed in paragraph 4.2.2. 
 

Indoor climate Saint Bavo’s Cathedral 

The indoor climate of the Saint Bavo’s Cathedral is non-
controlled, meaning that there is no main heating 
and/or cooling systems installed in the building. The 
crypt is provided with two radiators, as shows in Fig 
3.33. The Altarpiece is placed in a showcase, 
constructed in the Villa Chapel. This showcase 
functions as a climate chamber, creating a micro 
climate around the delicate polyptych. Six heating 
elements are hanging from the ceiling of the Villa 
Chapel as shows in Fig 3.34 and Fig 3.35, each radiator 
having a capacity of 1700W (Kemenade van, 2012). 
This is in contrast with the cathedral, which is unheated 
and therefore unable to control its indoor-climate.  

Fig. 3.35: One heating elements in the Villa Chapel (source: 
Anne-Cathérine Olbrechts) 

Fig. 3.33: The two radiators in the crypt 

Fig. 3.34: Two heating elements in the Villa Chapel (source: 
Anne-Cathérine Olbrechts) 
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Climate control issues of the microclimate were examined during the start of the investigation of 
the conservation of the polyptych, and were coordinated by the advisory committee including L. 
Smets (FARO) and A. Olbrechts (Monumentenwacht Oost-Vlaanderen). The investigation provided 
an interesting interdisciplinary collaboration for many parties, with among others, Eindhoven 
University of Technology. A research program was started by Professor A. Janssens and Prof. M. De 
Paepe from the Ghent University about the technical aspects of the climate environment in the 
showcase. A joint research program was realized including the Eindhoven University of Technology, 
RCE (Cultureel Erfgoed), and the University of Amsterdam, which included an analysis of the Ghent 
Altarpieces on the matter of the response time of the panel supports due to climate fluctuations. 
Investigation on the micro climate of the polyptych combined with the goal of optimal preservation 
of the work of art led to a clear view of the needed measures. It is necessary to lower the 
temperature and relative humidity fluctuations, mainly caused by the amount of visitors in the 
showcase. This is, because of the negative effects of these factors on the painting. The following 
needed measures were listed (van Grevenstein & Spronk, 2011): 
 

- A required minimum temperature in the Villa Chapel of around 14ºC; 
- The replacement of heat-emitting light by cooler daylight lamps; 
- Sealing the seams between the glass plates of the show case; 
- Installing a Marvel Seal barrier in the ceiling of the show case; 
- The use of portable humidifiers.  
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3.3 Case study summary 
At the beginning of this chapter, a statement was made concerning the similarities and notable 
differences of the two discussed churches. In this chapter a summary will be given by presenting 
both aspects in a scheme. This information is crucial for further investigation, and will therefore be 
used by the upcoming simulations. 
 

Name Great Church  
or Onze Lieve Vrouwe Kerk 

Saint Bavo’s Cathedral  

Location 
 

Breda, The Netherlands Ghent, Belgium 

Building Category3 
 

This building is a church built in 
the Brabantin Gothic style. 
According to Climate for Culture, 
the specific building category is “ 
Church”  

This building is a cathedral built in the 
Schelde Gothic style. According to 
Climate for Culture, the specific 
building category is “ Church” 

Climate Zoning 
 

The outdoor climate is a moderate 
oceanic climate. According to 
Climate for Culture, the specific 
climate zoning is “Climate Zone III”  

The outdoor climate is a moderate 
oceanic climate. According to Climate 
for Culture, the specific climate zoning 
is “Climate Zone III” 

Church Status 
 

The building is included as a 
national monument by the 
Rijksdienst voor Cultureel Erfgoed 

The building has been listed on the 
preserved monuments record by 
Inventaris Onroerend Erfgoed, since 
1936 

Building Year 
 

1410 - 1547 942 – 1559 

Work of art The triptych the Discovery of the 
True Cross 
By: Jan van Scorel 

The polyptych The Adoration of the 
Mystic Lamb / The Ghent Altarpieces 
By: Hubrecht and Jan van Eyck 

Displayed 
 

The painting is placed in the 
church in the Prince Chapel, at the 
North-East side wall of the church. 
The chapel is an open space and 
the painting is not placed in any 
kind of showcase   

The painting is placed in the cathedral 
in the Villa Chapel, located at the 
North-West part of the cathedral. In 
the chapel, a showcase is constructed 
which functions as a climate chamber.  

Climate control 
Church  

Yes, the church is provided with a 
floor and air heating system. The 
floor heating system is the main 
heating system, which is manually 
controlled. Humidifiers are used to 
control the relative humidity 

No 

Climate control 
Micro climate   
 

No Yes, showcase is heated by six heating 
elements, hanging from the ceiling of 
the Villa Chapel, each radiator having 
a capacity of 1700W. 

 
  

                                                             
3 The building category is determined by Climate for Culture as the following (Climate for Culture, n.d.): In the 
context of Climate for Culture the definition of church (sacred building) refers to the use and considers large, 
not air conditioned building volumes which are heated up for the church services on average once a week. 
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4. Current Indoor Climate Assessment 
As stated in chapter 3, Case Study, both the Great Church of Breda and the Saint Bavo’s Cathedral 
Ghent are included in the Physics of Monuments database. Since several years, indoor climate data 
of different locations in the buildings was collected and stored. This data provides a clear insight in 
the current climate conditions. The Specific Risk Assessment method, as described in paragraph 
1.5.3, was used to obtain information about the possible degradation risk. Subsequently, the 
Climate Evaluation Chart, as described in paragraph 1.5.2, was used to provide further insight in 
the temperature and relative humidity risk factor of the indoor climate. The criteria selected for 
the Climate Evaluation Chart was the ASHRAE Climate Class B, as was described in Fig 2.9. Within 
this ASHRAE Class, only a tiny risk to most paintings is supposed. In Class B, both short time 
fluctuations and seasonal changes are accepted. For the temperature, a maximal fluctuation of ±5K 
is allowed. As where for the relative humidity, a fluctuation of ±10% is accepted. The seasonal 
adjustments allow a 10% change (up and down) in relative humidity. A temperature rise of 10K, if 
not exceeding 30°C, is allowed. Meanwhile, the temperature may drop as low as necessary, while 
maintaining a decent relative humidity control range. The current indoor climates combined with 
the Specific Risk Assessment and the Climate Evaluation Chart are discussed in this chapter.  
 

4.1 Great Church Breda 
Many data sensors were installed in the Great Church. The sensor used to perform the Specific Risk 
Assessment was the sensor placed nearby the work of art. The gathering of the measured data 
started at the 22nd of May 2007. Since a data time period of one year is necessary to create an 
accurate risk plot, results of the years 2008, 2009, 2010, 2011, and 2012 are presented. The 
following figures present the Specific Risk Assessment results of those years. The figures (Fig. 4.1 – 
4.5) were obtained by the use of the T and RH Specific Risk Plot Generator Grote Kerk, Breda of the 
Physics of Monuments website (http://archbpspomws1.bwk.tue.nl/). The results of the Specific 
Risk Assessment are equal for every measured year. There is only a small risk on every degradation 
type, for all four object types. Since the work of art situated in the Great Church of Breda is a panel 
painting, the focus should be on the potential panel painting degradation risks. In this case, those 
risks are small, as was stated before. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://archbpspomws1.bwk.tue.nl/
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Fig. 4.1: SRA results of the Great Church Breda, Prince Chapel, for the year 2008, plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 

Fig. 4.2: SRA results of the Great Church Breda, Prince Chapel, for the year 2009, plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
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Fig. 4.3: SRA results of the Great Church Breda, Prince Chapel, for the year 2010, plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 

Fig. 4.4: SRA results of the Great Church Breda, Prince Chapel, for the year 2011, plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
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Since sensors were placed at several locations, an estimation of the damage risk for the art object 
when relocated is possible. An overview of the Specific Risk Assessment for all other locations is 
presented in table 4.1. The specific sensor locations can be found in Appendix 3. The sensor 
location Grafmonumenten Polanen, shows a high risk for almost every year and risk factor. This can 
be explained by the exact location of the sensor, which is a placed inside a tomb nearby the 
ground, and is therefore not even an option for placing a work of art. The Specific Risk Assessment 
results of the other sensors prove that the current location of The Discovery of the True Cross was 
the best location for the last five years.  
 
 
Table 4.1: The SRA results of the Great Church Breda for the sensors; Grafmonumenten Polanen, Prinsenkapel Raam, 

Inblaasrooster, Thermostaat, Orgelkast boven, Vitrine Kooromgang, Priesterkoor and Voor Orgel 07m73, for the years 
2008,2009,2010,2011,and 2012. Green stands for small risk, orange stands for medium risk and red stands for high risk. 
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Fig. 4.5: SRA results of the Great Church Breda, Prince Chapel, for the year 2012, plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
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4.1.1 Result Analysis 

The Specific Risk Assessment showed a positive situation for the triptych, The Discovery of the True 
Cross. Further analysis of the indoor climate provided in more details concerning the absence of 
high damage risk. By using the Climate Evaluation Chart a clear view was given of the temperature 
and relative humidity for each full year. The figures were obtained by the use of the T and RH 
Climate Evaluation Chart Generator Grote Kerk, Breda of the Physics of Monuments website 
(http://archbpspomws1.bwk.tue.nl/). The results of the year 2011 are presented in Fig 4.6, while 
the remaining results can be found in Appendix 15.1.  
 
The blue square shows the boundaries determined by the ASHRAE Class B. Even though not all 
values are enclosed by these boundaries, the Specific Risk Assessment has presented small risks for 
panel painting. Still, the chart clearly shows some risk potentials. Many summer values, as well as 
the winter values were exceeding the determined boundaries. This has resulted in a too humid 
(68% time) indoor climate during the summer time and a too cold (59% time) indoor climate during 
winter time. Overall, the total distribution shows an OK status, meaning temperature and relative 
humidity value within the ASHRAE Class B criteria, of the indoor climate during 47% of the time. 
The hourly and daily changes in temperature and relative humidity only exceed for the ∆RH/day by 
a maximum of 2% during spring time.  
 

 
 
 
 
 

Fig. 4.6: CEC of the Great Church Breda, Prince Chapel, for the year 2011, plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
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4.2 Saint Bavo’s Cathedral Ghent 
Similar to the situation at the Great Church Breda, many sensors were installed in the Saint Bavo’s 
Cathedral. The sensor used to perform the Specific Risk Assessment was the sensor placed in the 
showcase, were the Ghent Altarpieces is presented. Since measurements started at the 5

th
 of July 

2011, the amount of gathered climate data is smaller than of the Great Church. Therefore, the 
results of the first and second year after the start of the measurements are presented. The 
following figures present the Specific Risk Assessment results of those periods. The figures were 
obtained by the use of the T and RH Specific Risk Plot Generator Grote Kerk, Breda of the Physics of 
Monuments website (http://archbpspomws1.bwk.tue.nl/). 
 
Since the work of art is a panel painting, the focus should be on the potential panel painting 
degradation risks. In this case, the Specific Risk Assessment results of both years differ from each 
other. During both time periods a medium risk is likely to occur for panel painting in the Lifetime 
Multiplier and the Base Material degradation type. In the first period the Pictorial Layer is also 
exposed to a medium risk. The Lifetime Multiplier is used for the calculation of chemical 
degradation of the work of art. Mechanical degradation is split into two different processes; base 
material and pictorial layer.  
 
 
 

 
 
 
 
 

Fig. 4.7: SRA results of the Saint Bavo’s Cathedral Ghent, the showcase for 5/7/2011 – 5/7/2012, plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 
 

http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
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Similar to the Great Church of Breda, several sensors were placed at different locations, providing 
in the opportunity to make damage risk estimations in case the art object was relocated. An 
overview of the Specific Risk Assessment for all other locations is presented in table 4.2. The 
specific sensor locations can be found in Appendix 5.  
 
 
 
 
Table 4.2: The SRA results of the Saint Bavo’s Cathedral Ghent for the sensors; Crypt, Sacrament Chapel, Crypt Painting Justus van 
Gent Left, South Transept, Crypt Painting Justus van Gent Right, Vault, Entrance, Vijdt Chapel, and Museum Store,  for the time 

periods 05/07/2011 – 05/07/2012 and 05/07/2012 – 05/07/2013. Green stands for small risk, orange stands for medium risk and 
red stands for high risk. 
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Fig. 4.8: SRA results of the Saint Bavo’s Cathedral Ghent, the showcase for 5/7/2012 – 5/7/2013, plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
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The Specific Risk Assessment shows that for all sensor locations serious risk is estimated. 
Interesting is the risk determined for the Villa Chapel, which can be found in Fig 4.9 and Fig 4.10, 
where the show case is located. This area shows a medium risk for almost every risk factor. When 
comparing the SRA results for the showcase and the Villa Chapel a more detailed way, the Villa 
Chapel shows a clear higher risk for mould growth. The values presented in SRA graphs for the 
Lifetime Multiplier, base material and pictorial layer, seem to be slightly less negative for the show 
case. Therefore it can be stated that the showcase does take part in the improvement of the 
microclimate around the art object. Still, the indoor climate is most likely to be of direct influence 
on the micro climate of the show case. In order to improve the micro climate, the indoor climate of 
the Villa Chapel needs to be improved as well. The Specific Risk Assessments of the Vijdt Chapel 
and the Sacrament Chapel are interesting due to the current discussion of relocating The Ghent 
Altarpiece. The results of both chapels are quite similar, due to the fact that both chapels are in 
open contact with the cathedral, and therefore share a similar indoor climate. The SRA results of 
the Vijdt Chapel (Fig. 4.11 and Fig. 4.12) and the Sacrament Chapel (Fig. 4.13 and Fig. 4.14) show an 
even worst indoor climate than the Villa Chapel. Therefore in case of relocating The Ghent 
Altarpiece, a show case providing in a decent micro climate is needed.  
 
 
 
 

  

 
 

  

Fig. 4.9: SRA results of the Saint Bavo’s Cathedral Ghent, the Villa Chapel for 

5/7/2011 – 5/7/2012, plot obtained from http://archbpspomws1.bwk.tue.nl/ 
Fig. 4.10: SRA results of the Saint Bavo’s Cathedral Ghent, the Villa Chapel for 

5/7/2012 – 5/7/2013, plot obtained from http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
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Fig. 4.11: SRA results of the Saint Bavo’s Cathedral Ghent, the Vijdt Chapel for 
5/7/2011 – 5/7/2012, plot obtained from http://archbpspomws1.bwk.tue.nl/ 

 
 

 
Fig. 4.13: SRA results of the Saint Bavo’s Cathedral Ghent, the Sacrament Chapel for 
5/7/2011 – 5/7/2012, plot obtained from http://archbpspomws1.bwk.tue.nl/ 

 
Fig. 4.14: SRA results of the Saint Bavo’s Cathedral Ghent, the Sacrament Chapel for 
5/7/2012 – 5/7/2013, plot obtained from http://archbpspomws1.bwk.tue.nl/ 

4.2.1 Result Analysis 

Since the Specific Risk Assessment has shown medium risk levels for several degradation types, a 
further analysis of the micro climate by the Climate Evaluation Chart, was considered necessary. In 
this way further insight was provided in the temperature and relative humidity values for a time 
period of a year. The figures were obtained by the use of the T and RH Climate Evaluation Chart 
Generator Sint-Baafskathedraal, Gent of the Physics of Monuments website 
(http://archbpspomws1.bwk.tue.nl/). The results of a full year starting at the 5th of July 2011 are 
presented in Fig 4.15 and Fig. 4.16. Similar to the results of the Great Church of Breda, the blue 
square shows the boundaries determined by the ASHRAE Class B. 
 
The first chart (Fig. 4.15) contains temperature and relative humidity data of the time period July 
5th 2011 until July 5th 2011. The determined boundaries were widely exceeded during all seasons. 

Fig. 4.12: SRA results of the Saint Bavo’s Cathedral Ghent, the Vijdt Chapel for 
5/7/2012 – 5/7/2013, plot obtained from http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
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During the summer period the micro climate was rated too humid for 73% of the time. During the 
spring and autumn period, the micro climate was rated too humid as well (47% time during spring 
and 45% time during autumn). Furthermore, the micro climate is also too cold (17% time during 
spring and 14% time during autumn), and too humid and too cold (19% time during spring and 21%  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4.15: CEC results of the Saint Bavo’s Cathedral Ghent, the showcase for 5/7/2011 – 5/7/2012, plot 
obtained from http://archbpspomws1.bwk.tue.nl/ 

Fig. 4.16: CEC results of the Saint Bavo’s Cathedral Ghent, the showcase for 5/7/2012 – 5/7/2013, plot 

obtained from http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
http://archbpspomws1.bwk.tue.nl/
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time during autumn). Still, the micro climate was rated OK for at least 17% of the time during these 
seasonal periods. During the winter period, the micro climate was only rated OK for 1% of the time, 
which can be considered very low. The micro climate during this period was rated too humid and 
too cold (63%), too cold (26% time), too dry and too cold (7%), and too dry (2%). These values have 
resulted in a total distribution OK status during only 14% of the time. Furthermore the hourly and 
daily changes in temperature and relative humidity have exceeded for the ∆RH/day by a maximum 
of 12% during winter time. These higher relative humidity fluctuations might be explained by the 
use of heating elements during the winter period. And even though the daily temperature 
fluctuation meets the ASHRAE criteria, the ∆T/day values were on the verge of crossing those 
boundaries.  
 
The second chart (Fig. 4.16) presents the temperature and relative humidity data for the time 
period of July 5

th
 2012 until July 5

th
 2013. During this time period, the determined boundaries were 

again widely exceeded during all seasons. In this case, the micro climate during the summer period 
was rated too humid for 62% of the time. During the spring and autumn period, the micro climate 
was rated too humid as well (56% time during spring and 32% time during autumn). Similar to the 
other chart, the micro climate was also too cold (18% time during spring and 6% time during 
autumn), too humid and too cold (21% time during spring and 36% time during autumn), and too 
dry and too cold (1% time during spring). The micro climate was rated OK for 37% of the time 
during the summer period and 26% of the time during the autumn period. However, during spring, 
the micro climate was only rated OK for 3% of the time. The winter situation was even worse, with 
an OK rating of only 1% of the time. The micro climate during this period was rated too cold (52%), 
too humid and too cold (46% time), and too humid (1%). Furthermore the hourly and daily changes 
in temperature and relative humidity were widely exceeded for the ∆RH/day by a maximum of 44% 
during winter time, which might be explained by the use of heating elements. And similar to the 
first chart, the ∆T/day values were on the verge of crossing determined ASHRAE class criteria. 
 
The medium chemical degradation risk for a panel painting was determined by the Lifetime 
Multiplier values of 0.968 during the first time period, and 0.991 during the second time period. 
This number refers to the determined time span for which the painting remains usable compared 
to the standard conditions of 20°C and 50%RH. The Lifetime Multiplier is determined by different 
factors, such as the activation energy of the certain types of material an object consists of, the 
temperature, and the relative humidity. The Lifetime Multiplier curve can be found in Appendix 
13.2. In case of a panel painting, the activation energy is 70kJ/mol. When examining the curve, it is 
clear that a temperature drop has a positive effect on the Lifetime Multiplier values, since the 
lowering of the temperature slows down the chemical process (Martens, 2012). However, a 
temperature drop is more beneficial for objects that consist of materials with high activation 
energy. Lower relative humidity values will result in a slower deterioration as well. Therefore it can 
be stated that a lower relative humidity had a positive effect on the Lifetime multiplier. Naturally, 
an extreme drop in temperature and relative humidity may conflict with the other degradation 
factors. The Climate Evaluation Charts show high relative humidity values (60% – 80%) in 
combination with high temperatures (20°C – 25°C) which are likely to have caused the medium 
degradation risk for the Lifetime Multiplier.  
 
The medium mechanical degradation risk for a panel painting was determined for the base 
material and the pictorial layer. During the first period there was a medium risk for both factors 
and during the second period there was only a medium risk for the base material. The mechanical 
damage risk for panel painting base material is determined by the use of Mecklenburg’s graph 
(Appendix 13.4) as described in paragraph 1.5.3. Fluctuations of relative humidity are of great 
influence on mechanical degradation. Since changes in the moisture contents of a material may 
result in dimensional changes, and therefore damage. The Climate Evaluation Chart showed high 
daily relative humidity changes, which widely exceed the ASHRAE Class B criteria. These were likely 
to have caused the medium risk for the base material. The mechanical risk for the pictorial layer is 
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determined by the use of Bratasz’s curve (Appendix 13.3). In this case, the medium risk was also 
likely to be caused by fluctuations in relative humidity.  
 
The first Climate Evaluation Chart (Fig. 4.15) showed extreme low relative humidity values which 
therefore need further investigation. Fig 4.17 presents the measured data from the showcase 
during this specific time period, January 1st 2012 until March 1st 2012. The red line represents the 
measured data from the showcase, the blue line represents the measured data from the cathedral 
for which the logger at the South transept is used, and the green line represents the measured 
outdoor data. The relative humidity showed an extreme drop around February 2

nd
 2012 and 

February 10
th 

2012. Still, the temperature measured at the showcase seemed to be steady. 
However, examining the outdoor temperature showed a clear temperature drop for that specific 
period, and as a result the temperature inside the cathedral dropped as well. It is likely that intense 
heating caused the temperature in the showcase to behave in a rather steady way. Consequently, 
the relative humidity dropped, because of the rise in temperature, and reached values close to 
20%. These low relative humidity values, resulting in a too dry microclimate, combined with rather 
high daily relative humidity fluctuations, are likely to have increased the risk for damage.  
 

  

  

Fig. 4.17: Comparison of the measured data of the Saint Bavo’s Cathedral Ghent for 1/1/2012 – 1/3/2013, represented are the 
showcase (red), the cathedral (south transept blue) and the outdoor values (green),plot obtained from 
http://archbpspomws1.bwk.tue.nl/ 

http://archbpspomws1.bwk.tue.nl/
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4.3 Conclusion 
Therefore it can be stated that the climate situation nearby the triptych, The Discovery of the True 
Cross, can be considered to be currently good. Even though, the Climate Evaluation Charts show 
little exceeding of the ASHRAE criteria, there is only a small damage risk for all factors. Therefore, 
the measures taken by the Great Church to optimize the preservation of the work of art are 
sufficient. 
 
On the contrary, even though the Ghent Altarpiece is situated what seems to be an optimal 
controlled climate chamber, the Specific Risk Assessment shows medium risk. The indoor climate 
of the Villa Chapel shows even a higher risk, therefore it can be stated that the micro climate 
derives a small benefit out of the showcase. Still, in order to improve the micro climate, the indoor 
climate of the Villa Chapel needs to be improved as well. 
 
Further investigation by the use of the Climate Evaluation Chart has resulted in a sum of factors 
likely causing the medium risk for the panel painting. Those factors are the following: 

- Relative humidity often exceeding the maximum of 60%; 
- Relative humidity sometimes lower than the minimum of 40%; 
- Temperature often lower than the minimum of 15°C; 
- Daily relative humidity changes often exceeding the maximum of 10% ∆RH/day  

The most extreme situations occur during the winter period, when the micro climate is rated to be 
too humid and too cold. However, the results of the other seasons show a micro climate often 
rated too humid. The first Climate Evaluation Chart (Fig. 4.15) also shows a seriously low relative 
humidity during the winter period. This is likely caused by intense heating of the micro climate. The 
high number of visitors in a small area such as the Villa Chapel might also cause the temperature 
and humidity level to rise. Consequently, the climate situation near the showcase can be 
considered to be inadequate. In order to keep the work of art save from degradation, a more 
stable micro climate in the show case is needed. Current measures taken by the Saint Bavo’s 
Cathedral to optimize the preservation of the work of art are not sufficient. And because, future 
climate change is likely to change the micro climate, the situation might even get worse. Therefore, 
further investigation about the situation in the future is necessary  
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5. Modelling and Validation 
Chapter 4, Indoor Climate Assessment, described the current indoor climate conditions and the 
resulting degradation risk. However, future climate changes might result in other degradation risks. 
Simulation is considered to be a useful way of obtaining further insight in, for example, the future 
situation. In order to perform a simulation of the two churches discussed in chapter 3, Case Study, 
an accurate model must be created. Validation of the simulated models is necessary to create a 
highly accurate building model. The process of building these models is discussed in this chapter. 
First, the climate data used for both the Great Church of Breda and the Saint Bavo’s Cathedral of 
Ghent are discussed. This is followed by a detailed description of the simulation models, created 
for both buildings. Finally, both church models are validated.  
 

5.1 Climate Data 
To perform an accurate indoor climate simulation, climate data, specific for the location of the 
building, is needed. In this paragraph, the matter of the use of climate data is explained. During the 
process, adjustments were made to these files, with optimal and most accurate simulation results 
as the main purpose. 
 
Normally, HAMBase uses hourly climate data of De Bilt, from the year 1971 until now. In case of 
other default weather station locations, hourly weather data of that specific location are needed, 
in this particulate order, as shown in Table 5.1. 
 

Table 5.1: Climate data per column, needed for the HAMBase simulation (Source: (de Wit, Bouwstenen 100, 2006) 

 
 
The climate data can be downloaded as a text-file from the KNMI website (KNMI, 2013). In order to 
convert this text-file into a file needed for simulation with HAMBase, which is constructed of the 
data columns presented in Table 5.1, a MATLAB code was written.  This code can be found in 
Appendix 12.1 and 12.2. HAMBase will not perform a simulation when a climate file contains NaN 
(Not a Number) values or includes a cloud cover values exceeding 8. Therefore replacements were 
needed, in case of a NaN value by a value similar to preceding values, and in case of an exceeding 
cloud cover value by 8.  
 
 
 
 

Column Description Units  

1 Diffuse solar radiation on the horizontal surface W/m² 

2 Exterior dry bulb temperature 0.1*°C 

3 Direct normal solar radiation  
(plane normal to the direction) 

W/m² 

4 Prevailing wind velocity m/s 

5 Wind direction  Clockwise degree from 
North (0-360) 

6 Relative humidity % (0-100) 

7 Time of rainfall 0.1h 

8 Sum of rainfall 0.1mm 

9 Cloud cover steps from 0 to 8 
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5.1.1 Great Church Breda  

Climate data was received from the Royal Netherlands Meteorological Institute (KNMI). Due to 
limited weather stations, a location closest to the Great Church in Breda was determined. This is 
the weather station of Gilze-Rijen, situated at the airport. Further information about the data 
gathering of this weather station can be found in Appendix 6. Still, the settings around the weather 
station of Gilze-Rijen appeared to be unequal at times, to those nearby the Great Church of Breda. 
The station, being located at the airport, is situated in a semi-open landscape, which functions vary 
between meadow and farmland. The Great Church is situated at the market of Breda, which 
functions both literally and figuratively as the centre of the city, due to historical developments of 
Breda. The actual temperature and humidity values were likely to vary, as Breda can be considered 
to be an Urban Heat Island. This refers to the phenomenon as where an urban area is significantly 
warmer due to human activities (Reducing Urban Heat Islands: Compendium of Strategies, n.d.). 
The measured outdoor data nearby the Great Church was compared with the obtained weather 
station data and the results of the year 2011 are presented in Fig 5.1. The differences are 
presented in Fig 5.2.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1: Comparison of the measured outdoor climate, temperature, relative humidity, and humidity ratio 
nearby the Great Church Breda (blue) and at the KNMI weather data station Gilze-Rijen (red) 
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The results showed a significant deviation between the temperature, relative humidity, and 
humidity ratio measured nearby the Great Church and the KNMI data. When examining these 
values, the highest temperature difference was close to 10K, the highest relative humidity 
difference was around 45%, and the highest humidity ratio difference was exceeding 6 g/kg. Each 
can be considered to be extreme values. The relative humidity values are influenced by the 
temperature and humidity ratio. Therefore, extreme relative humidity ratio values can often be 
explained by the extreme values of temperature and humidity ratio. The mean values are less 
extreme. The mean deviation values are based on the absolute differences of the temperature and 
relative humidity. These mean values are presented in Fig. 5.3. The mean temperature difference 
was 2.2K, the mean relative humidity difference was 9.9%, and the mean humidity ration 
difference was 1.1 g/gh.  A recalculation was necessary, due to the presence of NaN (Not a 
Number) values in the measured data, which resulted in a NaN mean value. Therefore the NaN 
values of the measured data were replaced with the KNMI values of that specific cell, resulting in a 
deviation value of zero. This way, the mean value was merely based on the known values. The 
Matlab code, used to calculate the differences of the measured outdoor climate and the KNMI 
values are found in Appendix 12.1 and Appendix 12.2..   
 
 
 
 
 
 
 
 

Fig. 5.2: Differences of the measured outdoor climate, temperature, relative humidity, and humidity ratio 
nearby the Great Church Breda, and at the KNMI weather data station Gilze-Rijen (KNMI data minus 
measurement data). In case of positive values, the KNMI values are higher, and in case of negative values, the 

measured values are higher. 



 

[68] 
 

 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Due to the established differences, the temperature and relative humidity values of the KNMI 
climate file were replaced with the measured values of the Great Church. However, the data 
collected by the loggers placed outside the Great Church is proved to be partly incomplete. 
Therefore, the KNMI climate data is only replaced when temperature and relative humidity data 
measured nearby the Great Church exists. In case of no data, presented as a NaN value, the 
original KNMI data is not replaced. Because of the different ways of storing the climate data, 
converting is necessary. The data stored by the logger system is saved in steps of 15 minutes, 
whereas the data of the KNMI weather station is saved in steps of an hour. The MATLAB code used 
for this conversion is presented in Appendix 12.3.  
 

  

  

Fig. 5.3: Absolute differences of the measured outdoor climate, temperature, relative humidity, and humidity 
ratio nearby the Great Church Breda, and at the KNMI weather data station Gilze-Rijen(blue).The calculated 
mean deviation values (red) resulted in a temperature of 2.2°C, a relative humidity of 9.9%, and a humidity 
ratio of 1.1 g/kg. 
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5.1.2 Saint Bavo’s Cathedral Ghent  

The Belgium meteorological institute does not provide public weather data; therefore KNMI data 
was used as well in the case of the Saint Bavo’s Cathedral. The chosen weather station is situated 
in Westdorpe (The Netherlands), located around 25 kilometres North of Ghent. The station is 
situated at an open polder area, which mainly functions as meadow and farmland. Further 
information about this weather station can be found in Appendix 7. The weather conditions in 
Westdorpe were expected to be quite similar to the conditions in Ghent. However, the comparison 
of both temperature and relative humidity revealed significant differences (Kemenade van, 2012) 
likewise to the differences discovered in the situation of the Great Church. Fig 5.4 shows the 
outdoor data of the Saint Bavo’s Cathedral Ghent compared to the data obtained from the 
weather station in Westdorpe, for 2012. The differences are presented in Fig 5.5. Significant 
deviations are shown, similar to the result of the Great Church. The highest temperature difference 
was around 9K, the highest relative humidity difference was close to 50%, and the highest humidity 
ratio difference was close to 4g/kg. Similar to the Great Church, the mean values were less 
extreme. These mean values are presented in Fig. 5.6. The mean temperature difference was 
calculated to be 1.6K, the mean relative humidity difference was 8.4%, and the mean humidity 
ratio difference was 0.4 g/kg. As a result, this KNMI data was converted as well. The measured 
outdoor data of the temperature and relative humidity was used to replace the KNMI data of the 
temperature and relative humidity. Similar to the conversion described in paragraph 5.2.1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

Fig. 5.4: Comparison of the measured outdoor climate, temperature, relative humidity, and humidity ratio nearby 
the Saint Bavo’s Cathedral Ghent (blue) and at the KNMI weather data station Westdorpe (red)  
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Fig. 5.5: Differences of the measured outdoor climate, temperature, relative humidity, and humidity ratio 
nearby the Saint Bavo’s Cathedral Ghent, and at the KNMI weather data station Westdorpe (KNMI data 
minus measurement data). In case of positive values, the KNMI values are higher, and in case of negative 
values, the measured values are higher. 
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Fig. 5.6: Absolute differences of the measured outdoor climate, temperature, relative humidity, and 
humidity ratio nearby the Saint Bavo’s Cathedral Ghent, and at the KNMI weather data station Westdorpe 

(blue).The calculated mean deviation values (red) resulted in a temperature of 1.6°C, a relative humidity of 
8.4%, and a humidity ratio of 0.4 g/kg.  
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5.2 HAMBase Simulation Model 
Both the simulation models of the Great Church of Breda and Saint Bavo’s Cathedral of Gent are 
discussed in this paragraph. First the building model will be discussed, following by the needed 
HAMBase input. Next, the gathered information concerning the HAMBase building profiles are 
presented. The input of Saint Bavo’s Cathedral of Gent is originally compiled by P.L.W van 
Kemenade (Kemenade van, 2012) and further investigated by Z.Huijbregts MSc.   
 

5.2.1 Great Church Breda – Building model 

In paragraph 3.1.2, Building analysis, the floor plan of the Great Church is presented. However, the 
simulation model demands a simplified floor plan, in order to perform a proper simulation. The 
original floor plans, and cross-sections received from Architectenburo J. van Stigt b.v. were used as 
a blue print to create this simplified model. The drawing program AutoCAD was used to draw these 
new plans, and was subsequently used to determine the dimensions of the new model. The 
building was divided into several zones. And in an attempting to create a model, highly similar to 
the actual building, rooms with roughly the same indoor climate conditions were modelled as one 
zone, as can be seen in Table 5.3. The final HAMBase input model can be found in Appendix 10.1 
 
 

Table 5.2: Determined zones of the Great Church Breda 

# Zone Rooms 

A Church Church 

  Office + Storage 

  Kitchen 

  (Public) toilets 

  Storage 

B Glass extension Glass extension 

C Office Office 

  Toilets + Storage 

D Crossing (roof) Crossing (roof) 

  Tower 

E Aisle + ambulatory (roof) Aisle + ambulatory (roof) 

  Office + storage (roof) 

  Kitchen (roof) 

  (Public) toilets (roof) 

  Storage (roof) 

F Office (roof) Office (roof) 

  Toilets + Storage (roof) 

 
 
This has resulted in a model with six zones. The focus point was the Prince Chapel, which is an 
open space, connected with the rest of the church, and therefore included in the church-zone. The 
arrangement of the different zones in the simplified floor plan is presented in Fig 5.7 and Fig 5.8. A 
distinction was made between a ground floor plan and a plan made of the attic of the church.  
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All drawing of the blue prints combined with the simplified model, made in AutoCAD, are found in 
Appendix 8.  

 

5.2.2 Great Church Breda – HAMBase input 

In order to run a simulation, several building properties are needed to produce a model. Different 
sources have been used to gather this information. Building dimensions were obtained from 
drawing, received from Architectenburo J. van Stigt b.v. and a public Sketch Up model of the Great 
Church (Fangatron, 2011), was used to gain further insight. Materialization and construction 
information was obtained by the documentation and engineering drawings stored in the Great 
Church. Miscellanea of information were collected during conversations when visiting the Great 
Church. After collecting, the information was simplified, and subsequently prepared for the 
simulation.    
 
Next, tables with the most important retrieved building properties per zone are presented. 
Appendix 8 provides the full amount of retrieved building input data. An important note is that due 
to the condition of the available sources, all information is considered to be approximate data. For 
example, when working with windows in HAMBase, the program first requires the input of an 
external wall. And next, the windows in these external walls are determined. The situation of zone 
B, the glass extension, was more complex. In this situation most of the wall surface is window, 
more specific, structural glazing. In order to achieve the most accurate simulation model, a wall 
construction material was chosen, closely connected with structural glazing. Next, in the input, a 
maximum amount of window surface was chosen. This resulted in a simulated wall construction 
similar to the actual wall construction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.7: Zones floor plan Great Church (source original floor 
plan: Architectenburo J. van Stigt b.v.) 

Fig. 5.8: Zones floor plan attic Great Church (source original 
floor plan: Architectenburo J. van Stigt b.v.) 
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Zone A – Church  

- This zone, (Church) includes five 
rooms; the church, the office + 
storage, the kitchen, the (public) 
toilets, and storage, with a total 
volume of 41144m³; 
 

- The external walls are, listed 
from the interior to exterior, 
constructed of: plaster, cavity 
filled with debris, and several 
types of brickwork. The 
simplified building input consists 
of plaster and brickwork. The walls vary in thickness, however an average thickness of 
1.01m was chosen;  
 

- The internal walls located inside this zone are made of plaster and brickwork, and vary 
in thickness as well. An average thickness of 0.82m was chosen;  
 

- The internal wall separating zone A (church) from zone B (glass extension) have the 
same construction and dimensions as the external wall, an average thickness of 1.01m. 
The internal walls separating zone A (church) from zone C (office) are made of plaster 
and brickwork, and an average thickness of 0.62m was chosen; 
 

- Columns situated in this zone are expressed as an internal wall, and located in this zone 
as well. The building input consists of plaster, brickwork, and plaster with an average 
thickness of 1.00m;  
 

- The ground floor of the church is, listed from the interior to exterior, constructed of 
ashlar, sand/cement, gravel + raw sand + floor heating on PVC clamping strip, miofol 
reflection foil, PS insulation, and sand. The building input consists of ashlar (natural 
stone), sand, PS insulation, and sand, with a total thickness of 1.38m; 

 
- The ground floor of the kitchen is, listed from the interior to exterior, constructed of 

tiles, sand/cement with local floor heating, miofol reflection foil, concrete, PS 
insulation, and sand. The building input consists of tiles, sand, concrete, XPS foam, and 
sand with a total thickness of 1.30m; 
 

- The vaulted ceiling is constructed of plaster, brick, cavity, and a wooden floor. The 
building input consists of plaster, brickwork, cavity, and hardwood with a total 
thickness of 0.91m; 
 

- The windows are stained glass windows, expanded with a double window frame. The 
church knows a wide variety of window sizes, which have been downsized to 12 
different versions; 
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Zone B – Glass extension  

- This zone (Glass extension) 
includes one room, and the total 
volume is 481m³; 
 

- The external walls and roof are 
made of structural glass, more 
specific double 8 -16 -8 glazing, 
existing of two panels of 8mm 
and a cavity of 16mm.  The upper 
panel is made of a hardened glass 
plate, and the lower panel is 

made of half hardened glass with a low E-coating, with a U-value of 1.8
 

   
. An external 

wall construction of glass-ceramic with a thickness of 0.04 was chosen; 
 

- The wall separating zone B (glass extension) with the other building located North of 
the glass extension is made of brickwork, insulation, cavity, and brickwork. An average 
thickness of 0.34m was chosen; 
 

- The ground floor of the glass extension is, listed from the interior to exterior, 
constructed of brick paving + morter, concrete with local floor heating, miofol 
reflection foil, styrodur (XPS foam), and sand. The building input consists of brick 
(paving), concrete, XPS foam, and sand with a total thickness of 1.19m; 

 

 
 
 
 
 

Zone C – Office  

- This zone (Office) includes two 
rooms; the office, and the toilets 
+ storage, with a total volume of 
1205m³; 
 

- The external walls are, listed 
from the interior to exterior, 
constructed of plaster, cavity 
filled with debris, and several 
types of brickwork. The 
simplified building input consists 
of plaster and brickwork. The 
walls vary in thickness, however an average thickness of 1.01m was chosen;  

 
- The internal walls located inside this zone are made of plaster and brickwork, and vary 

in thickness as well. An average thickness of 0.62m was chosen;  
 

- The ground floor of the office is, listed from the interior to exterior, constructed of 
ashlar, sand/cement, gravel + raw sand + floor heating on PVC clamping strip, miofol 
reflection foil, PS insulation, and sand. The building input consists of ashlar (natural 
stone), sand, PS insulation, and sand, with a total thickness of 1.38m; 
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- The ground floor of the toilet + storage is, listed from the interior to exterior, 
constructed of tile, sand/cement with local floor heating, moifol reflection foil, 
concrete, PS insulation, and sand. The building input consists of tile, sand, concrete, XPS 
foam, and sand with a total thickness of 1.30m; 
 

- The vaulted ceiling is constructed of plaster, brick, cavity, and wooden floor. The 
building input consists of plaster, brickwork, cavity, and hardwood with a total 
thickness of 0.91m; 
 

- The windows are stained glass windows, expanded with a double window frame.  

 
 
 
 

Zone D – Crossing (roof) 

- This zone (Crossing - roof) 
includes two spaces; the 
crossing (roof), and the tower, 
with a total volume of 5339m³; 

 
- The roof is, listed from the 

interior to exterior, 
constructed of wooden roofing 
battens, cavity, and schist. The 
simplified building input 
consists of hardwood, cavity, 
and schist, with a total 
thickness of 0.16m; 
 

 
 
 
 

Zone E – Aisle + Ambulatory (roof)  

- This zone (Aisle + Ambulatory - 
roof) includes five spaces; the 
aisle + ambulatory (roof), the 
office + storage (roof), the 
kitchen (roof), the (public) 
toilets (roof), and the storage 
(roof), with a total volume of 
1667m³; 

 

- The roof is, listed from the 
interior to exterior, constructed 
of wooden roofing battens, 
cavity, and schist. The simplified building input consists of hardwood, cavity, and schist, 
with a total thickness of 0.16m 
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Zone F – Office (roof) 

- This zone (Office - roof) 
includes two spaces; the 
office (roof), and the toilets 
+ storage (roof), with a total 
volume of 215m³; 

 

- The roof is, listed from the 
interior to exterior, 
constructed of wooden 
roofing battens, cavity, and 
schist. The simplified 
building input consists of 
hardwood, cavity, and schist, 
with a total thickness of 0.16m 
 

 

5.2.3 Great Church – Building profile 

Large old churches with a stone ceiling are likely to have a low ventilation rate (Schellen, 2002). 
Nevertheless, no specific ventilation rate data was available for the Great Church. The 
concentration of CO2 is measured for the building and the ventilation rate is calculated in case of 
an exponential decay curve. However, these numbers vary to such a degree that it is difficult to 
determine one value. A ventilation rate of 0.05 h-1 for all the zones is chosen. This is done by means 
of testing different ventilation rate values during the validation period. The general opening hours 
of the church are from 10.00 – 17.00 hours on Mondays to Saturdays, and from 13.00 – 17.00 
hours on Sundays. The amount of hourly visitors was determined by gathering the monthly number 
of visitors, which was carefully collected by the Great Church. An overview of the annual number of 
visitors can be found in Appendix 8.9.1. The average amount of visitors per hour was defined as 50, 
and was used to calculate the average heat gain and moisture production. Considering that the 
activity level of the visitors can be determined as standing combined with a normal clo values of 1 
(1clo – 0.155Km²/W), the average heat production per person is 90 W. The moisture production 
per person, with an activity level determined as “seated, moderately active of standing, light work, 
walking”, is 90gr/h or 2.5E-5 kg/s. Lighting has also been taken into account to determine the total 
heat gain per zone. Due to the building function, some zones have little to no visitors whatsoever. 
This will result in lower or no values for the heat gain and moisture production of that zone. The 
total input can be found in Appendix 8.9. 
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5.2.4 Saint Bavo’s Cathedral Ghent – Building model 

Similar to the Great Church of Breda, the simulation model of the Saint Bavo’s Cathedral of Ghent 
demanded simplification of the original building. These actions were originally performed by P.L.W 
van Kemenade (Kemenade van, 2012). The building was divided is six different zones, as can be 
seen in Table 5.3. The final HAMBase input model can be found in Appendix 10.2. 
 
 
Table 5.3: Zones of the Saint Bavo’s Cathedral Ghent (Source:  
(Kemenade van, 2012))   

# Zone 

A Cathedral 

B Attic above Cathedral 

C Crypt 

D Baptistery (Villa Chapel), without 
showcase 

E Showcase Mystic Lamb 

F Space above Baptistery 

 
The focus point has been the Mystic Lamp 
showcase, which is a closed space, and 
presented as zone E. Fig 5.9 shows the cross-
section of the Villa Chapel with the different 
zones.  

 
 
 

5.2.5 Saint Bavo’s Cathedral Ghent – HAMBase input 

The building properties, needed to run an optimal simulation, were gathered by P.L.W van 
Kemenade (Kemenade van, 2012). Several sources were used for collect this information. For 
instance, the orientation values were determined by the use of a public SketchUp model.  Still, due 
of the lack of accurate technical drawings, dimensions are manually obtained by a laser distance 
meter. Further building properties, such as the construction components, are obtained by 
observation, due to the lack of accurate drawings and data. Appendix 9 presents the obtained data. 
 
 
  

D E 

F 

Fig. 5.9: Cross-section of the Villa Chapel (zone D), showcase of 
the Mystic Lamb (zone E), and the space above the Villa Chapel 
(zone F) (Source: (Kemenade van, 2012))   
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Zone A – Cathedral  

- This zone, (Cathedral) 
includes the cathedral with 
the Vijdt Chapel, the 
Sacrament Chapel, and the 
museum store, with a total 
volume of 71100m³; 
 

- The building input of the 
external walls consists of 
brick. The walls vary in 
thickness, however an 
average thickness of 1.80m 
and 1.00m for the clerestory, was chosen;  
 

- The internal walls and columns located inside this zone are made of brick, and vary in 
thickness as well. An total thickness of 0.80m was chosen;  
 

- The internal wall separating zone A (Cathedral) from zone D (Baptistery or Villa Chapel) 
are also made of brick, and have an average thickness of 0.80m; 
 

- The internal wall separating zone A (Cathedral) from zone F (Space above the 
Baptistery) is also made of brick, with an average thickness of 0.80m; 
 

- The wall separating the cathedral from the adjacent building is similar to the external 
wall of the church. This wall is made of brick with an average thickness of 1.80m; 

 
- The ground floor, which is situated at the West part of the cathedral is, made of tiles, 

brick, and sand, with a total thickness of 2.33m; 
 

- The floor between zone A (Cathedral) and zone C (Crypt) consists of tiles and a stone 
vault, with a total average thickness of 1.03m; 

 
- The vaulted ceiling between zone A (cathedral) and zone B (Attic above Cathedral) is 

constructed of brick, a cavity, and wood, with an total thickness of 0.92m; 
 

- The ceiling separating the cathedral with the tower is similar to the construction of the 
vaulted ceiling, and is constructed of brick, a cavity, and wood, with an total thickness 
of 0.92m; 
 

- The windows are stained glass windows. The windows in the clerestory are made of 
clear glass;  
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Zone B – Attic above the Cathedral 

- This zone includes the attic 
above the Cathedral, with a 
total volume of 9400m³; 
 

- The building input of the 
external walls consists of 
brick, and average thickness 
of 1.00m for the clerestory, 
was chosen;  
 

- The internal walls and 
construction parts are made 
of brick, with an average thickness of 1.00m; 
 

- The roof consists of slates, a cavity, and wood, with average thickness of 0.08m was 
chosen;  

 
- The windows are stained glass windows. The windows in the clerestory are made of 

clear glass;  

 
 
 
 

Zone C – Crypt 

- This zone includes the crypt, 
with a total volume of 
6800m³; 
 

- The internal walls and 
columns are made of brick, 
and average thickness of 
0.80m was chosen;  
 

- The floor between zone A 
(Cathedral) and zone C 
(Crypt) consists of tiles and 
a stone vault, with a total average thickness of 1.03m; 
 

- The floor between zone D (Baptistery or Villa Chapel) and zone C (Crypt) also consists of 
tiles and a stone vault, with a total average thickness of 1.03m; 
 

- The ground floor is made of tiles, brick and sand with a total thickness of 2.33m; 
 

- The walls of this zone are situated underground and are made of brick, with an average 
thickness of 1.80m; 
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Zone D – Baptistery (Villa Chapel), without showcase 

- This zone includes the Baptistery or Villa 
Chapel, without the showcase, with a total 
volume of 283m³; 
 

- The building input of the walls consists of brick. 
The walls vary in thickness, however an 
average thickness of 1.80m was chosen;  
 

- The internal wall separating zone D (Baptistery 
or Villa Chapel) and zone A (Cathedral) is made 
of brick and has an average thickness of 0.80m; 
 

- The ceiling separating zone D (Baptistery or 
Villa Chapel) and zone F (Space above 
Baptistery) consists of concrete, with an 
average thickness of 0.20m; 
 
The ceiling separating the cathedral with the 
tower is constructed of brick, a cavity, and 
wood, with an average thickness of 0.92m; 
 

- The entrance between zone D (Baptistery or Villa Chapel) and zone A (Cathedral) is 
partly made out of glass. An external wall construction of glass-ceramic with a thickness 
of 0.02 was chosen. Another part of the entrance is made out of wooden chipboard, 
with a thickness of 0.1m;  
 

- The floor is made of tiles, brick and sand and has a total thickness of 2.33m; 
 

- The floor between zone D (Baptistery or Villa Chapel) and zone C (Crypt) consists of tiles 
and a stone vault, with a total average thickness of 1.03m; 
 

- The windows are stained glass windows. 

 
 
 

Zone E – Showcase Mystic Lamb 

- This zone includes the showcase including the 
work of art, the Adoration of the Mystic Lamb, 
with a total volume of 104m³; 
 

- The building input of the walls consists of brick. 
The walls vary in thickness, however an 
average thickness of 1.80m was chosen;  
 

- The wall construction of the showcase, separating zone D (Baptistery or Villa Chapel) 
from zone E (Showcase Mystic Lamb) is divided into several construction components. 
The construction is partly made out of a wooden frame, with a thickness of 0.20m. 
Another construction part is laminated glass, for which the construction component 
glass-ceramics was chosen, with a thickness of 0.03m. Furthermore, metal plating are 
used, for which the construction component of steel was chosen, with a thickness of 
0.005m;  
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- The ceiling separating zone E (Showcase Mystic 

Lamb) and zone D (Baptistery or Villa Chapel) 
consists of concrete, with a total thickness of 
0.20m; 
 

- The floor is made of tiles, brick and sand and 
has an average thickness of 2.33m; 

 
 
 
 

Zone F – Space above Baptistery 

- This zone includes the space above the 
Baptistery or Villa Chapel, with a total volume 
of 600m³; 
 

- The wall separating zone F (Space above 
Baptistery) and zone A (Cathedral) consists 
partly out of brick, with a thickness of 1.00m, 
and partly out of glass for which the 
construction component glass-ceramics was 
chosen, with a thickness of 0.02m. 

 
- The vaulted ceiling separating zone F (Space 

above Baptistery) and zone A (Cathedral) 
consists of brick, a cavity and hard wood, with a 
total thickness of 0.92m; 
 

- The windows are stained glass windows. 
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5.2.6 Saint Bavo’s Cathedral – Building profile 

There is no ventilation data available for the Cathedral. However, as stated before, it is known that 
large buildings, such as the Saint Bavo’s Cathedral, have a low ventilation rate. Tracer gas leak 
testing of the showcase in the Villa Chapel has resulted in an air change per hour value (ACH) of 
0.33hr-1 in case of a closed space, and an ACH of 1.84hr-1 in case of an opened door. The ventilation 
rate from the Villa Chapel to the rest of the cathedral and the space above is measured to be 
0.48hr

-1
 (de Backer, van Belleghem, Steeman, de Paepe, & Janssen, 2011).  

 
However, renovation modifications done to the Villa Chapel are likely to have lead to a change in 
the air tightness value. As a result, the ventilation rate of the Villa Chapel is determined to be 0.3 
hr-1. The ventilation rate per zone is presented in Appendix 9.4. The input in HAMBase for the air 
exchange rate between the show case and the Villa Chapel, and between the Villa Chapel and the 
Cathedral or outside might have lead to some uncertainties. With the standard HAMBase building 
input there might not have been made a difference between these situations. As a consequence 
the ventilation rate values may be off, compared to the everyday reality. This might result in 
uncertain indoor and microclimate results. 
 
The number of visitors is likely to have the highest impact on the amount of internal gains of the 
building. The calculated average number of hourly visitors in the year 2011 was 30. Considering 
that the activity level of the visitors, can be determined as standing combined with a normal clo 
values of 1 (1clo – 0.155Km²/W), the average heat production per person is 90 W. The heat gained 
by the lighting and radiators in the Villa Chapel was taken in account as well. The moisture 
production per person, with an activity level determined as “seated, moderately active of standing, 
light work, walking”, is 90gr/h or 2.5E-5 kg/s. The total values for internal gain and moisture 
production can be found in Appendix 9.4. 
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5.3 Validation 
The realization of a simplified building model in HAMBase is followed by validation. This is 
necessary to assure that the simulated situation is reasonably similar to reality. Measured data of 
the Great Church and the Saint Bavo’s Cathedral were compared with the simulations results. The 
measured data was obtained by the many sensors installed in and outside the buildings. Results of 
temperature, relative humidity, and the humidity ratio will be discussed in this paragraph.  
 

5.3.1 Great Church Breda 

All sensors placed inside the Great Church of Breda, are situated in what is determined to be zone 
A (Church). There are no sensors placed inside the other zones, therefore no accurate validation 
could be performed for zones, except for zone A. The measured data of the different sensors 
varied, which is mostly likely caused by the specific location. A sensor situated nearby the air 
heating blow-in grid will show a higher temperature, compared to the sensors placed nearby a 
thermal bridge. Fig 5.10 shows the values of the different sensors, from January 2011 until April 
2011, and the differences are evident. Still, all sensor data followed the same trend, only varying a 
few degrees Celsius or percentages.  
 

 

Fig. 5.10: This graph presents the measured temperature and relative humidity values of the different sensor locations of the 
Great Church Breda. The sensor measure points are the following: grafmonument Polanan, inblaasrooster, orgelkast boven, 
priesterkoor, prinsenkapel raam, prinsenkapel schilderij, thermostat, vitrine kooromgang, voor het orgel 07m73 (Source: 
http://www.monumenten.bwk.tue.nl) 
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The sensor placed nearby the window in the Prince Chapel (prinsenkapel_raam) showed the lowest 
temperature values and has the highest relative humidity. The glass can be considered as thermal 
bridge, and the temperature nearby this thermal bridge is likely to fluctuate in the same way as the 
outdoor temperature. As a result the temperature will be, especially during winter time, lower 
compared to the rest of the church. The drop of temperature, nearby the window, will result in a 
rise of relative humidity. This is due to the fact that air of a higher temperature can contain more 
moisture. One sensor is situated nearby the work of art, the Discovery of the True Cross, placed in 
the Prince Chapel. Therefore, this sensor was used to validate the building simulation model.   
 

Validation – Free floating building model 

The first validation simulation was performed as a free floating building model. The HAMBase input 
of this building model can be found in Appendix 10.1. As stated before in paragraph 3.1.3, Climate 
monitoring, the heating of the church is managed manually, and is switched off during the summer 
months. Subsequently, the free floating simulation must correspond with the measured data 
during those summer periods, due to the absence of heating in the building. Fig 5.11 presents the 
temperature, relative humidity, and humidity ratio measured in the Prince Chapel, and the 
simulated values of zone A.  
 

Fig. 5.11: Validation of the free floating model of the Great Church of Breda during 2011. The measured data, of the temperature, 
relative humidity, and humidity ratio, from the sensor at the Prince Chapel (red) and the simulated data (blue) are presented in this 

graph 
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The temperature simulation results correspond fairly with the measured data during a period 
starting halfway April until October. Fig 5.12 shows the specific values for this period. The relative 
humidity and humidity ration results show more differences. Still, they follow the same trend. The 
simulated values tend to exceed the measured values.    
 

 
Due to the results during the summer period of this free floating building model, the model is 
considered to be corresponding in a sufficient way. Next, the most accurate building profiles will be 
determined to create the same correspondence in a non free floating state.  
 

Validation – Building model 

Different factors are of great influence on the simulation results. In this situation the heating set 
point and the heating capacity of the zones were important. The free floating building model 
showed large deviations during the period in with the church is heated. Only parts of the church, 
mainly the public parts and the working areas, are heated. Therefore, just zones A, B and C of the 
building model, were considered to be heated. These three zones were extended with heating set 
points and a specific heating capacity, while the other zones remained in a free floating state 
during the whole year. The values of the set point and the heating capacity were obtained by 
performing a step by step test of the subject. Manually testing several combinations of both the 
zone set point and heating capacity, and validating the results with the measured data, has 

Fig. 5.12: Validation of the free floating model of the Great Church of Breda during the summer period of 2011 (April-September). The 
measured data, of the temperature, relative humidity, and humidity ratio, from the sensor at the Prince Chapel (red) and the simulated 

data (blue) are presented in this graph   
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resulted in set point and heating capacity values. An overview of the combinations and the 
influence on the graph trend can be found in Appendix 11.1. The most accurate values were 
included in the building model, and presented in table 5.4 
 

Table 5.4: The determined heating capacity, and set point temperature for zone A, B and C of the Great Church of Breda 

2011 

 ZONE A ZONE B ZONE C 

Heating capacity 
[W] 

60000 1000 1000 

 
Set point data Jan, Feb,  

Mar 
Oct, Nov, 
 Dec 

Jan, Feb, 
 Mar 

Oct, Nov,  
Dec 

Jan, Feb,  
Mar 

Oct, Nov,  
Dec 

Set point input 1:2160 6576:8760 1:2160 6576:8760 1:2160 6576:8760 

Set point  
temperature[°C] 

17 17 17 17 17 17 

 
Figure 5.13 presents the measured data and the simulated data for the year 2011, with the 
determined set point. Fig 5.14 shows the validation of January, February, and March 2011. For 
each simulation, a pre computing simulation period of a year was used.  

 

Fig. 5.13: Validation of the model of the Great Church of Breda during 2011. The measured data, of the temperature, relative 
humidity, and humidity ratio, from the sensor at the Prince Chapel (red) and the simulated data (blue) are presented in this 
graph   
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The correspondence of the temperature during the winter period is less accurate than during the 
summer period, which can be explained by several causes. It is likely that the real heating set point 
in the building varies, due to the manual control of the heating in the church. Working with a 
simulation model, created with varying heating set point is possible. However, that simulation 
model would only be accurate for that specific time period. And consequently, exclude the other 
time periods. By creating a more general model, a close to accurate simulation of all time periods, 
in the past, present, and future, is possible. As stated before, in paragraph 3.1.3, Climate 
Monitoring, the church uses humidification installations placed inside the Prince Chapel. These 
humidifiers are manually controlled, which might occasionally result in less corresponding 
validations. Also, the amount of visitors during the day will not increase in a linear way, and will, of 
course, vary throughout the year. Therefore, the amount of visitors in the simulation model is an 
assumption, which can explain the deviations. The deviation values of the measured and simulated 
temperature, relative humidity, and humidity ratio for the year 2011 are shown in Fig 5.15 and the 
mean values are presented in Fig 5.16. The highest temperature difference was close to 4K, the 
highest relative humidity difference was around 25%, and the highest humidity ratio difference 
was close to 4 g/kg. The presented mean values show less extreme deviation, with a mean 
temperature difference of 0.8K, a mean relative humidity difference of 7.9%, and a mean humidity 
ratio difference of 1.1 g/kg.  
 
 
 
 
 

Fig. 5.14: Validation of the model of the Great Church of Breda during the first months of 2011 (January-March). The measured 
data, of the temperature, relative humidity, and humidity ratio, from the sensor at the Prince Chapel (red) and the simulated  
data (blue) are presented in this graph   
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Fig. 5.15: Differences of the measured data, of the temperature, relative humidity, and humidity ratio from the 
sensor at the Prince Chapel and the simulated data during the year 2011. In case of positive values, the 
simulation values are higher, and in case of negative values, the measured values are higher 

Fig. 5.16: Absolute differences of the measured data, temperature, relative humidity, and humidity ratio at 
the Prince Chapel, and at the simulated data during the year 2011. The calculated mean deviation values 
(red) resulted in a temperature of 0.8°C, a relative humidity of 7.9%, and a humidity ratio of 1.1 g/kg. 
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The differences between the simulated and measured humidity ratio resulted in even larger 
deviating values of the simulated and measured relative humidity. The simulated humidity values 
seem to be significantly higher during the summer period. Different factors are of great influence 
on the simulated humidity values, such as the number of visitors, the ventilation rate, and the 
moisture storage in furnishment. It is likely that during the summer period doors are opened more 
frequently and for a longer period of time, resulting in an altered ventilation rate factor. In order to 
lower the amount of humidity in the simulated building model, several factor combinations for 
zone A were manually tested which has resulted in adjusted moisture production, ventilation rate, 
and moisture storage factor values. A summarized overview of the combinations and their 
influences on the graph trend can be found in Appendix 11.2. The values that resulted in the 
highest humidity ratio correspondence; without effecting the simulated temperature and relative 
humidity, were included in the building model, and presented in table 5.5. The optimal value the 
moisture storage in furnishment is with a value of 5 higher than usual. 
 
Table 5.5: The determined moisture production, air chance per hour, and moisture storage factor for zone A of the Great Church 
of Breda 

Zone A 

2011 

 Set point data  Apr, May, Jun, Jul, Sep, Oct 

Set point input  2160:7320 

 Number of people [ - ] 20 

Moisture production  [kg/s] 2,50E-05 * 20 

ACH - Air Change per Hour  [h] 0,1 

fbv - Moisture storage factor [ - ] 5 

 
Figure 5.17 presents the measured and adjusted simulated data for the months April, May, June, 
July, August, September, and October 2011. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 5.17: Validation of the model of the Great Church of Breda during April 2011 - October 2011. 
The measured data, of the temperature, relative humidity, and humidity ratio, from the sensor at 
the Prince Chapel (red) and the simulated data (blue) are presented in this graph   
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The deviation values of the measured and adjusted simulated temperature, relative humidity, and 
humidity ratio for the year 2011 are shown in Fig 5.18 and the mean values are presented in Fig 
5.19. The highest temperature difference was still close to 4K, the highest relative humidity 
difference was around still 25%, and the highest humidity ratio difference was still close to 4 g/kg. 
It can be stated that the peaks in the different graphs remained unaltered after changes in the 
amount of simulated moisture. The presented mean values still show less extreme deviation, with 
a mean temperature difference of 0.8K, a mean relative humidity difference of 6.5%, and a mean 
humidity ratio difference of 0.9 g/kg. Thus, the mean relative humidity and humidity ratio values 
were lowered.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.18: Differences of the measured data, of the temperature, relative humidity, and humidity ratio from the sensor at the 
Prince Chapel and the simulated data during the year 2011. In case of positive values, the simulation values are higher, and in 
case of negative values, the measured values are higher 
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Overall, the simulated temperature still corresponds with the measured temperature. While the 
simulated humidity ratio, and subsequently the relative humidity data remain higher than the 
measured data. The data seems to be significantly higher during from halfway June 2011 until 
halfway October 2011. As a consequence, it must be taken into account that the simulated future 
humidity values are likely to be higher than the actual future values. Since the relative humidity 
values are of great importance to the predicting damage to art objects, awareness of possible 
enhanced simulated values is highly important.  
  

Fig. 5.19: Absolute differences of the measured data, temperature, relative humidity, and humidity ratio at the Prince Chapel, and 

at the simulated data during the year 2011. The calculated mean deviation values (red) resulted in a temperature of 0.8°C, a 
relative humidity of 6.5%, and a humidity ratio of 0.9 g/kg. 
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5.3.2 Saint Bavo’s Cathedral 

The validation of the Saint Bavo’s Cathedral was originally performed by P.L.W van Kemenade 
(Kemenade van, 2012). The period originally used to validate the simulation model was of July 
2011 until January 2012, which then included all available measurement data.   
 
The results show quite some similarities between the measured data in the cathedral and the 
simulated data in zone A. Still, the temperature corresponds more accurately compared to the 
relative humidity, as can be seen in Fig 5.17 and Fig 5.18. Most dissimilarities were explained by 
external factors, such as the varying number of visitors, changes in the thermostatic settings. The 
deviation values in zone A for the year 2012, and the mean values are presented in Fig 5.19 and Fig 
5.20. The highest temperature difference was around 4K, the highest relative humidity difference 
was close to 20%, and the highest humidity ratio was around 2.5 g/kg. The mean values were less 
extreme, with temperature difference of 1.1K, a relative humidity difference of 4.9%, and a 
humidity ratio difference of 0.4 g/kg. Likewise, the validation results of the attic (zone B) and the 
space above the Baptistery (zone F) correspondence with the measured data. These results can be 
found in Appendix 11.2. 
 
The results in the showcase (zone E) show many similarities with the measurements as well, as can 
be seen in Fig 5.21 and Fig 5.22. The value of the simulated temperature in February shows a large 
deviation compared to the measured values. Fig 5.4 shows a significant drop of the outdoor 
temperature which is likely to cause the simulation result. The actual temperature of the showcase 
might be explained by the manual increase of the heating system as a reaction on the outdoor 
temperature. Fig 5.23 and Fig 5.24 show the deviation values and the mean values for zone E. The 
highest temperature was close to 12K, the highest relative humidity value was around 40%, and 
the highest humidity ratio value was close to 3.5 g/kg. These extreme values were likely to be 
related to the temperature deviation during February, as discussed above. The mean values were 
also influenced by this, resulting higher values compared to the results of zone A. These were a 
mean temperature difference of 4.6K, a mean relative humidity difference of 12.1%, and a mean 
humidity ratio difference of 0.8 g/kg.   
 
The results of the crypt (zone C) and the Baptistery (zone D) show some irregularities as well. All 
results can be found in Appendix 11.2. These results can be explained by the number of visitors and 
heating elements in these zones, causing more extreme temperature and relative humidity 
variations. In the current situation, the temperatures set points in the Villa Chapel are controlled 
by fitting these set points to the measured data. The used outdoor climate is also likely to be of 
influence. Some climate data input, like the solar irradiation, is not the specific data of Ghent, but 
data of the KNMI weather station, which is likely to differ, and is therefore of influence.  
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Fig. 5.20: Validation of the model of the Saint Bavo’s Cathedral of Ghent during 2012. The measured data, of the 
temperature, relative humidity, and humidity ratio, from the sensor at the Cathedral (red) and the simulated data 
(blue) are presented in this graph 

Fig. 5.21: Validation of the model of the Saint Bavo’s Cathedral of Ghent during the first months of 2012 (January-
March). The measured data, of the temperature, relative humidity, and humidity ratio, from the sensor at the 

showcase (red) and the simulated data (blue) are presented in this graph 



 

[95] 
 

CHAPTER 5 – MODELLING AND VALIDATION 

 

 
 

Fig. 5.22: Differences of the measured data, of the temperature, relative humidity, and humidity ratio from 
the sensor at the Cathedral and the simulated data during the year 2012. In case of positive values, the 

simulation values are higher, and in case of negative values, the measured values are higher 

Fig. 5.23: Absolute differences of the measured data, temperature, relative humidity, and humidity ratio at 
the Cathedral, and at the simulated data during the year 2012. The calculated mean deviation values (red) 

resulted in a temperature of 1.1°C, a relative humidity of 4.9%, and a humidity ratio of 0.4 g/kg. 



 

[96] 
 

 
 

 

 

Fig. 5.24: Validation of the model of the Saint Bavo’s Cathedral of Ghent during 2012. The measured data, of 
the temperature, relative humidity, and humidity ratio, from the sensor at the showcase (red) and the 
simulated data (blue) are presented in this graph. The large deviation in February is likely caused by low 
outdoor temperatures and extreme heating inside the showcase as a reaction at the outdoor temperature 
drop 

Fig. 5.25: Validation of the model of the Saint Bavo’s Cathedral of Ghent during the first months of 2012 
(January-March). The measured data, of the temperature, relative humidity, and humidity ratio, from the 
sensor at the Cathedral (red) and the simulated data (blue) are presented in this graph 



 

[97] 
 

CHAPTER 5 – MODELLING AND VALIDATION 

 

 
 
 

Fig. 5.26: Differences of the measured data, of the temperature, relative humidity, and humidity ratio from 
the sensor at the showcase and the simulated data during the year 2012. In case of positive values, the 
simulation values are higher, and in case of negative values, the measured values are higher 

Fig. 5.27: Absolute differences of the measured data, temperature, relative humidity, and humidity ratio at 
the showcase, and at the simulated data during the year 2012. The calculated mean deviation values (red) 
resulted in a temperature of 4.6°C, a relative humidity of 12.1%, and a humidity ratio of 0.8 g/kg. 
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5.4 Conclusion. 
Both buildings, the Great Church of Breda and the Saint Bavo’s Cathedral of Ghent were thoroughly 
analyzed, and information was gathered to create an optimal building model in HAMBase. 
Validation of these models with measured date of the specific location resulted in two validated 
model. These models will be used for further research. By combining them with future climate 
data, a simulation of the building climate conditions, as well as the microclimate conditions nearby 
the works of art, for the near and far future is possible. With these result, an indication of possible 
damage to the works of art can be made. These results are presented in chapter 6, Simulation 
Results. 
 
In case of the Great Church of Breda the simulated humidity ratio, and subsequently the relative 
humidity data remained higher than the measured data. Therefore, it must be taken into account 
that the simulated future humidity values are likely to be higher than the actual future values. This 
may be of influence to the future Specific Risk Assessment of the Great Church. 
 
In case of the Saint Bavo’s Cathedral Ghent model, the building profile input in HAMBase for the 
ventilation rate between the show case and the Villa Chapel, and between the Villa Chapel and the 
Cathedral or outside might have lead to some uncertainties. As a result there might not have been 
made a difference between these situations in the standard HAMBase building input. As a 
consequence the ventilation rate values may be off, compared to the everyday reality. This might 
result in uncertain indoor and microclimate results. Furthermore, during validation a large 
deviation between simulated and measured data in Zone E occurred, during a cold winter period. 
This is likely caused due to heating of the micro climate of the showcase, probable as a reaction on 
the outdoor temperature drop. Heating will lead to a drop in relative humidity as already described 
in paragraph 4.2.1, Result Analysis. High relative humidity fluctuations may end up being harmful 
for panel painting. Therefore the way of heating is something that should be taking into account 
for, since it is not included in the simulation model. 
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6. Simulation Results 
Chapter 5, Modelling and Validation, has resulted in two validated simulation models of both 
buildings, discussed in this report. These models will be used to gain further information about the 
effects of climate change on the monumental churches, and the important works of art, situated in 
those churches. In this chapter, the regional model REMO will be used to provide information 
about the change of the indoor climate of the two buildings. Subsequently, the Specific Risk 
Assessment method will be used to obtain information about possible damage, done to both art 
objects.  
 

6.1 REMO 
The regional model REMO was developed by the Max Planck Institute for Meteorology in Germany. 
The climate data of this model was used to create a future indoor simulation model in HAMBase. 
Subsequently, both the Great Church of Breda, as the Saint Bavo’s Cathedral of Ghent was 
simulated.  
 

6.1.1 Background 

The REMO model is based on the former numerical weather prediction model of the German 
Weather Services, EUROPA-MODELL (EM), combined with the initial and boundary conditions from 
the global climate model ECHAM5. The pursued aim was the realization of a regional model, which 
had to be suitable for climate modelling and weather forecast. The high resolution of the climate 
simulations grid of 10*10km² makes the REMO model highly interesting for detailed future building 
simulation.  
 
The REMO model contains information about several regions, including The Netherlands. The 
outdoor climate scenario was determined for several locations in the Netherlands, based on the 
A1B scenario from IPCC’s 4th report on CO2 emission increase, for a timeframe of 1950 until 2099. 
The model consists of hourly data for the parameters shown in table 5.1. An analysis of the REMO 
climate data from 2000 until 2099 reveals an estimation of the increase of the mean temperature 
and absolute humidity values in The Netherlands. Due to the effect of the predicted climate 
change, the main temperature was predicted to increase by 2.6°C, while the main absolute 
humidity was estimated to rise by 2.1 g/kg. As a result, the increase of the mean relative humidity 
was estimated to be 0.8% (Huijbregts, Kramer, van Schijndel, & Schellen, Computational modelling 
of the impact of climate change on the indoor environment of a historic building in the 
Netherlands, 2011). 
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Table 6.1: REMO parameters (source: (Huijbregts, Kramer, van Schijndel, & Schellen, Computational modelling of the impact of 
climate change on the indoor environment of a historic building in the Netherlands, 2011) 

 
The REMO data differs from the climate data input, normally required for a simulation with 
HAMBase. Therefore an alteration of the data was necessary, of which the matlab file can be found 
in Appendix 12.3. The REMO data contains data for three time periods: the past present (1960-
1990), the near future (2020-2050), and the far future (2070-2100).   
 

  

Description Units  

Air temperature °C 

Surface temperature °C 

Relative humidity % (0-100) 

Precipitation mm/h 

Wind direction ° (0-360) 

Wind speed m/s 

Albedo - 

Cloud cover - 

Global radiation W/m2 

Global count radiation W/m2 
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6.2 REMO results 
This paragraph presents the results obtained by using the REMO climate data. First the changes of 
the outdoor climate of both the Great Church of Breda and the Saint Bavo’s Cathedral of Ghent will 
be discussed. Secondly changes of the indoor climate of both churches will be treated. The 
information will be presented in graphs and tables, showing annual mean values. In paragraph 2.1 
future climate change, and paragraph 2.2 the effects of climate change on cultural heritage, the 
possible degradation risk caused by changing climates were discussed. The future REMO climate 
data will provide in a clear overview of these changes. 
 

6.2.1 Great Church Breda – Outdoor Climate Change 

The REMO data selected for the Great Church of Breda has specific coordinates. The longitude is 
4.77527778°, with East being positive. The latitude is 51.58888889°, with North being positive. As 
stated before, the regional model REMO contains data for three time periods. The annual mean, 
minimum, and maximum values of the temperate and relative humidity were calculated using the 
matlab file found in Appendix 13.4. Table 6.2 presents the values for the past present, Table 6.3 for 
the near future, and Table 6.4, for the far future.  
 
The mean temperature values for all three time periods are presented in two graphs. Not only the 
mean values are increasing, the maximum and minimum values as well. The relative humidity 
values show a less clear trend compared to the temperature trends. Due to the maximum value of 
100%, the mean value will show only little increase. 
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Table 6.2: Past present (1960-1990) REMO climate data of the location: Great Church Breda 

Great Church Breda 

Past present (1960-1990) 

Year Mean T 
[°C] 

Min T 
[°C] 

Max T 
[°C] 

Mean RH 
[%] 

Min RH 
[%] 

Max RH 
[%] 

1960 10,6 -7,1 30 81 29 100 

1961 11,1 -6,7 33 81 37 100 

1962 10,3 -5,6 26 84 41 100 

1963 10,1 -7,7 31 83 35 100 

1964 11,5 -2,5 30 84 39 100 

1965 10,7 -7,1 30 83 39 100 

1966 10,6 -2,7 31 83 37 100 

1967 10,8 -3,8 29 84 44 100 

1968 10,9 -5,8 30 81 30 100 

1969 10,4 -8,2 30 82 33 100 

1970 10,0 -2,1 29 84 41 100 

1971 9,6 -8,9 30 84 37 100 

1972 10,5 -3,4 30 82 32 100 

1973 10,4 -3,5 28 84 31 100 

1974 10,9 -3,5 32 80 29 100 

1975 10,8 -5,4 31 83 33 100 

1976 11,5 -0,8 29 82 33 100 

1977 9,8 -5,6 31 83 41 100 

1978 10,5 -3,2 26 84 44 100 

1979 10,5 -6,5 31 83 39 100 

1980 9,4 -5,3 28 85 41 100 

1981 10,5 -10,0 30 83 36 100 

1982 10,0 -6,3 29 82 32 100 

1983 10,8 -3,9 30 83 35 100 

1984 10,4 -3,0 31 82 37 100 

1985 10,3 -6,0 31 82 21 100 

1986 11,3 -5,0 33 83 29 100 

1987 9,8 -8,8 28 83 36 100 

1988 9,8 -5,9 27 84 36 100 

1989 10,5 -3,7 29 82 39 100 

1990 10,3 -2,8 30 83 39 100 
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Table 6.3: Near future (2020-2050) REMO climate data of the location: Great Church Breda 

Great Church Breda 

Near future (2020-2050) 

Year Mean T 
[°C] 

Min T 
[°C] 

Max T 
[°C] 

Mean RH 
[%] 

Min RH 
[%] 

Max RH 
[%] 

2020 10,4 -2,9 30,8 83 39 100 

2021 10,0 -6,7 29,5 84 32 100 

2022 10,4 -2,6 31,9 83 34 100 

2023 11,5 -3,6 31,2 81 37 100 

2024 11,2 -1,5 30,2 81 25 100 

2025 11,0 -2,7 32,6 83 37 100 

2026 11,0 -8,7 29,3 82 36 100 

2027 10,5 -2,3 27,6 84 37 100 

2028 11,4 -3,9 31,0 82 35 100 

2029 11,6 -1,2 28,7 84 32 100 

2030 12,0 -2,1 29,9 82 29 100 

2031 10,7 -3,7 27,1 84 36 100 

2032 11,4 -1,0 32,4 80 38 100 

2033 11,5 -2,9 29,9 82 29 100 

2034 11,4 -1,2 29,1 82 30 100 

2035 12,0 -2,9 32,2 83 33 100 

2036 11,1 -7,2 30,5 83 38 100 

2037 11,1 -3,0 30,5 84 38 100 

2038 12,5 -0,3 29,3 83 28 100 

2039 11,5 -2,6 30,1 83 31 100 

2040 11,5 -2,5 33,3 84 40 100 

2041 11,9 -4,3 32,8 84 42 100 

2042 10,3 -8,9 28,7 84 38 100 

2043 11,7 -2,6 29,8 84 38 100 

2044 11,4 -3,7 31,9 83 31 100 

2045 11,7 -0,1 27,6 82 36 100 

2046 12,3 -3,2 32,5 81 32 100 

2047 10,3 -3,9 24,8 84 43 100 

2048 12,0 -2,9 29,7 83 37 100 

2049 12,1 -0,9 34,8 83 37 100 

2050 12,0 -2,0 35,2 83 37 100 
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Table 6.4: Far future (2070-2100) REMO climate data of the location: Great Church Breda 

Great Church Breda 

Far future (2070-2100) 

Year Mean T 
[°C] 

Min T 
[°C] 

Max T 
[°C] 

Mean RH 
[%] 

Min RH 
[%] 

Max RH 
[%] 

2070 11,6 -0,1 28,8 84 42 100 

2071 12,9 -2,6 34 81 34 100 

2072 12,7 0,4 32,6 84 38 100 

2073 11,9 -0,8 31,6 83 48 100 

2074 12,4 -2,8 34,9 81 33 100 

2075 12,2 -3,2 29,4 82 37 100 

2076 11,9 -1,1 31,8 85 42 100 

2077 12,9 -1,5 35,5 82 31 100 

2078 12,7 -0,5 33,8 83 37 100 

2079 13,4 -0,4 33,1 83 37 100 

2080 12,3 -0,5 30 84 37 100 

2081 12,6 -1,3 38,1 84 42 100 

2082 12,5 -2,5 34,1 85 47 100 

2083 13,1 -0,5 33,2 83 35 100 

2084 12,7 -3,8 29,8 84 39 100 

2085 12,1 -2,1 30,4 83 40 100 

2086 12,8 -0,2 33,2 83 36 100 

2087 12,7 -1,4 31,9 84 40 100 

2088 13,6 -0,3 33,3 81 34 100 

2089 13,7 0,6 33,3 83 38 100 

2090 12,6 0,1 25,7 84 41 100 

2091 13,5 -0,8 33,8 82 34 100 

2092 13,5 -3,5 36,9 81 31 100 

2093 12,8 -0,4 31,7 83 42 100 

2094 12,5 -2,2 31,6 83 39 100 

2095 12,8 0,0 33,9 84 45 100 

2096 12,3 -4,0 33,7 83 37 100 

2097 12,7 -0,2 33,9 84 40 100 

2098 12,3 0,0 30,3 83 38 100 

2099 14,3 -3,3 39,7 80 32 100 

2100 14,5 -0,2 39,5 80 26 100 
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6.2.2 Saint Bavo’s Cathedral – Outdoor Climate Change 

Similar to the Great Church of Breda, the Saint Bavo’s Cathedral has specific coordinates as well. In 
this case the longitude is 3.72694444°, with East being positive, and the latitude is 51.05277778°, 
with North being positive. Similar to the Great Church, the annual mean, minimum, and maximum 
temperature and relative humidity values were calculated en presented in Table 6.5, 6.6 and 6.7. 
The tables provide information for the past present, the near future and the far future.  
 
Similar to the Great Church of Breda, the mean temperature values for all three time periods are 
presented in two graphs. Not only the mean values are increasing, the maximum and minimum 
values as well. The relative humidity values show a less clear trend compared to the temperature 
trends. Due to the maximum value of 100%, the mean value will show only little increase. 
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Table 6.5: Past present (1960-1990) REMO climate data of the location: Saint Bavo’s Cathedral Ghent  

Saint Bavo’s Cathedral Ghent 

Past Present (1960-1990) 

Year Mean T 
[°C] 

Min T 
[°C] 

Max T 
[°C] 

Mean RH 
[%] 

Min RH 
[%] 

Max RH 
[%] 

1960 10,7 -9,3 32,3 80 28 100 

1961 11,2 -6,4 35,1 81 36 100 

1962 10,5 -5,2 28,3 84 39 100 

1963 10,1 -7,5 31,1 84 38 100 

1964 11,5 -3,3 32,0 84 37 100 

1965 10,8 -7,2 30,5 83 36 100 

1966 10,8 -2,9 32,3 82 39 100 

1967 10,9 -3,1 30,1 83 37 100 

1968 11,1 -7,0 31,0 80 27 100 

1969 10,5 -9,5 31,3 82 32 100 

1970 10,1 -1,7 30,2 84 42 100 

1971 9,7 -8,1 31,1 84 38 100 

1972 10,6 -2,4 32,0 82 37 100 

1973 10,4 -3,3 30,0 84 33 100 

1974 11,0 -3,8 34,1 79 25 100 

1975 10,8 -5,9 33,0 83 32 100 

1976 11,5 -1,1 31,3 83 33 100 

1977 10,1 -7,4 33,6 83 40 100 

1978 10,5 -3,5 27,1 84 46 100 

1979 10,5 -6,7 32,0 83 28 100 

1980 9,7 -3,8 29,0 84 40 100 

1981 10,6 -10,1 31,1 83 39 100 

1982 10,2 -6,8 30,1 82 32 100 

1983 10,9 -4,5 31,0 82 32 100 

1984 10,5 -3,4 31,0 82 36 100 

1985 10,3 -5,2 31,9 82 19 100 

1986 11,4 -4,1 32,3 83 32 100 

1987 9,8 -10,7 29,8 83 32 100 

1988 10,0 -7,0 29,8 84 38 100 

1989 10,6 -3,7 30,8 82 32 100 

1990 10,4 -2,5 31,7 82 35 100 
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Table 6.6: Near future (2020-2050) REMO climate data of the location: Saint Bavo’s Cathedral Ghent  

Saint Bavo’s Cathedral Ghent 

Near Future (2020-2050) 

Year Mean T 
[°C] 

Min T 
[°C] 

Max T 
[°C] 

Mean RH 
[%] 

Min RH 
[%] 

Max RH 
[%] 

2020 10,5 -2,8 32,8 83 39 100 

2021 9,9 -7,8 30,5 83 25 100 

2022 10,4 -2,6 33,4 83 30 100 

2023 11,5 -3,7 32,6 81 36 100 

2024 11,4 -1,7 30,9 81 22 100 

2025 11,2 -2,8 34,0 83 37 100 

2026 11,2 -8,6 30,6 82 35 100 

2027 10,7 -2,4 29,3 83 33 100 

2028 11,4 -3,6 32,5 82 31 100 

2029 11,5 -1,7 29,4 84 31 100 

2030 12,0 -2,1 30,7 82 30 100 

2031 10,7 -3,4 28,1 83 36 100 

2032 11,5 -1,7 32,5 80 38 100 

2033 11,5 -2,9 31,8 82 26 100 

2034 11,5 -0,6 31,1 81 31 100 

2035 12,1 -3,0 34,2 82 33 100 

2036 11,3 -5,4 31,2 83 35 100 

2037 11,2 -3,3 31,9 84 39 100 

2038 12,4 -0,3 30,5 83 23 100 

2039 11,5 -2,5 31,2 83 28 100 

2040 11,6 -2,0 33,9 83 38 100 

2041 12,0 -5,2 33,2 83 35 100 

2042 10,4 -8,2 31,1 83 39 100 

2043 11,7 -2,5 31,5 83 33 100 

2044 11,5 -3,4 32,2 83 32 100 

2045 11,8 -0,9 28,8 82 29 100 

2046 12,4 -2,4 34,1 82 31 100 

2047 10,4 -3,6 27,2 84 39 100 

2048 11,9 -3,8 30,1 82 38 100 

2049 12,1 -0,8 33,9 83 35 100 

2050 12,1 -2,5 35,5 83 36 100 
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Table 6.7: Far future (2070-2100) REMO climate data of the location: Saint Bavo’s Cathedral Ghent  

Saint Bavo’s Cathedral Ghent 

Far Future (2070-2100) 

Year Mean T 
[°C] 

Min T 
[°C] 

Max T 
[°C] 

Mean RH 
[%] 

Min RH 
[%] 

Max RH 
[%] 

2070 11,7 -0,4 31,8 83 37 100 

2071 13,0 -2,4 34,6 80 31 100 

2072 12,8 0,8 32,7 84 37 100 

2073 12,0 -0,8 32,3 82 45 100 

2074 12,5 -3,0 35,5 80 35 100 

2075 12,3 -2,6 30,9 82 40 100 

2076 12,0 -1,0 33,1 84 42 100 

2077 13,1 -1,1 36,5 81 30 100 

2078 12,7 -0,7 35,9 83 39 100 

2079 12,6 -0,6 32,5 82 33 100 

2080 12,4 -0,7 30,1 84 38 100 

2081 12,7 -1,2 38,7 84 40 100 

2082 12,6 -2,4 35,2 84 48 100 

2083 13,2 -0,1 33,7 83 36 100 

2084 12,9 -4,1 30,3 83 35 100 

2085 12,2 -2,3 31,2 83 39 100 

2086 12,9 -0,1 35,3 83 34 100 

2087 12,8 -2,3 34,1 83 34 100 

2088 13,8 -0,6 34,4 80 37 100 

2089 13,8 -1,1 34,2 82 39 100 

2090 12,8 0,1 26,9 84 37 100 

2091 13,6 -1,0 35,4 82 28 100 

2092 13,8 -3,6 38,3 80 35 100 

2093 13,1 -0,3 33,2 82 37 100 

2094 12,8 -2,0 35,0 82 35 100 

2095 12,9 0,2 35,4 84 44 100 

2096 12,4 -4,0 36,0 83 33 100 

2097 12,8 -0,2 34,5 83 34 100 

2098 12,5 -0,3 32,6 82 38 100 

2099 14,6 -4,1 40,6 79 31 100 

2100 14,6 0,7 39,6 80 26 100 
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 6.3 Specific Risk Assessment 
The Specific Risk Assessment (SRA) method, developed by Dr.ir. M.H.J. Martens during his PhD at 
Eindhoven University of Technology, provides a tool, which can be used to evaluate the effects of a 
micro climate on works of art (Martens, 2012). While working with this method, the user is 
presented a clear overview of certain risk factors for specific artefact categories, and the quantity 
of exposure in that specific category. Both the Great Church of Breda, as the Saint Bavo’s Cathedral 
of Ghent, will be analyzed using this method. The models, from which the validation was described 
in chapter 5, combined with the REMO future climate data, were used for a Specific Risk 
Assessment. For each year of the near future and far future, an SRA chart was created. These 
results can be found in Appendix 14. The works of art situated in both churches are panel 
paintings. These are sensitive for all types of degradation. The SRA results are presented for both 
the near future and the far future. 
 

6.3.1 Great Church Breda  

In case of the Great Church of Breda the simulated humidity ratio, and subsequently the relative 
humidity data were higher than the measured data, as stated in paragraph 5.3.1 Great Church 
Breda. Therefore, it must be taken into account that the simulated future humidity values are likely 
to be higher than the actual future values.  
 
As described before, the panel painting situated in the Great Church of Breda is placed inside the 
building, without the presents of a showcase. The indoor climate, which is correlating with the risk 
of degradation, is determined by the overall indoor climate of the building. Since the work of art is 
a panel painting, the focus will be on the risk for this object. 
 
Most of the SRA results vary between small risk and medium risk, especially for the degradation 
principle mould growth, Lifetime Multiplier, and Mechanical degradation: Base material. An 
overview of the annual amount of risks is presented in Table 6.8. The far future clearly shows more 
risk moments compared to the near future, where there are even years with only a small risk for all 
degradation factors. There is only a small risk on the pictorial layer, during the whole near and far 
future. Both time periods know extreme situations, where a high mould growth risk occurs. 
Different SRA results for three time period were analyzed; a good result (small risk), a bad result 
(high risk), and a medium result (medium risk). The year 2023 (Fig. 6.1) was analyzed as a being a 
year with only a small risk. According to the REMO climate data, this year will have a minimum 
temperature of -3,7°C, a maximum temperature of 32,6°C  and mean temperature of 11,5°C. The 
minimum relative humidity during this year will be 36% and the maximum relative humidity will be 
100%. The year 2087 (Fig. 6.3) was analyzed as a being a year with a high risk. this year will have a 
minimum temperature of -2,3°C, a maximum temperature of 34,1°C  and mean temperature of 
12,8°C according to the REMO climate data,. The minimum relative humidity during this year will 
be 34% and the maximum relative humidity will be 100%. Finally, the year 2070 (Fig. 6.5) was 
analyzed as a being a year with a medium risk. this year will have a minimum temperature of -
0,4°C, a maximum temperature of 31,8°C  and mean temperature of 11,7°C according to the REMO 
climate data,. The minimum relative humidity during this year will be 37% and the maximum 
relative humidity will be 100%. 
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Table 6.8: Annual SRA results for small (green), medium (orange), and high(red) risks for panel painting at the Great Church Breda 
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CHAPTER 6 – SIMULATION RESULTS 

 
Similar to Chapter 4, Current Indoor Climate Assessment, a Climate Evaluation Chart is used to 
provide in further insight concerning the future indoor climate. This chart is presented in Fig. 6.2.  

 

Fig. 6.1: SRA result of the Great Church Breda for the year 2023 

Fig. 6.2: CEC result of the Great Church Breda for the year 2023 
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Even though the Specific Risk Assessment resulted in only small damage risk, the Climate 
Evaluation Chart shows that many values exceed the boundaries determined by the ASHRAE B 
class. These boundaries are exceeded during each season resulting is situations with a lower 
temperature and higher relative humidity values than desired. The circumstances are rated OK for 
50% of the time during the year. Still the annual indoor climate is rated too humid (26% time), too 
cold (16% time), too humid and too cold (4% time), too dry and too cold (3% time), and too hot (15 
% time). The best conditions occur during the spring (OK 72% time, too humid 13% time, too cold 
7% time, too humid and too cold 7% time, and too hot 1% time) and autumn (OK 70% time, too 
humid 26% time, too cold 3% time). During the summer period the conditions are OK for only 34% 
of the time. Otherwise they are too humid (63% time), too hot (3% time), and too humid and too 
hot (1% time). The worst season is the winter period as where the OK rates for only 24% of the 
time. Otherwise, the indoor climate is too cold (55% time), too dry and too cold (12% time) and to 
humid and too cold (6% time). Furthermore the hourly and daily changes in temperature and 
relative humidity exceeded for the ∆RH/day by a maximum of only 3% during summer time. The 
high relative humidity values combined with fluctuations may eventually lead to damage risk for all 
risk factors. Since the simulated future humidity values are likely to be higher than the actual 
future values, it must be taken into account that results might turn out better than expected.  
 
The Climate Evaluation Chart of the year 2087 is presented in Fig 6.4, and used to explain the high 
damage risks. During this year, there will be a high risk for mould growth and a medium chemical 
and base material damage. The risk for damage on the pictorial layer is small. 
 

 
 
 
 
 
 

Fig. 6.3: SRA result of the Great Church Breda for the year 2087 
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CHAPTER 6 – SIMULATION RESULTS 

 
 
In this case, the Climate Evaluation Chart shows that nearly all values exceed the determined 
ASHRAE class B boundaries. According to these criteria, the temperatures are higher and lower 
than desired, while the relative is higher than desired for most of the time. The circumstances are 
rated OK for only 30% of the time during the year. Furthermore, the annual indoor climate is rated 
too humid (45% time), too cold (11% time), too humid and too cold (8% time), too dry and too cold 
(2% time), too humid and too hot (2% time), and too hot (1% time). The best conditions occur 
during the winter (OK 45% time, too cold 35% time, too humid and too cold 8% time, too humid 7% 
time, too dry and too cold 3% time, and too dry 2% time) and autumn (OK 45% time, too humid 
50% time, too dry and too cold 4% time, too cold 1% time, and too dry 1% time). During the spring 
period the conditions are OK for only 28% of the time. Otherwise they are too humid (32% time), 
too humid and too cold (23% time), too cold (9% time), too hot (4% time), and too humid and too 
hot (3% time). The worst season is the summer period as where the OK rates for only 4% of the 
time. Otherwise, the indoor climate is too humid (92% time), and too humid and too hot (4% time). 
Furthermore the hourly and daily changes in temperature and relative humidity exceeded for the 
∆RH/day by a maximum of only 2% during summer and spring time. In this situation, the extreme 
high relative humidity values combined with fluctuations are likely to result in damage to at least 
three of the four risk factors. The fungal growth curve is widely exceeded, due to the high relative 
humidity values. Mould growth is therefore very likely to occur. Still it must be taken into account, 
that the simulated future humidity values are likely to be higher than the actual future values. 
Therefore, results might turn out better than expected.     
 
The Climate Evaluation Chart of the year 2070 is presented in Fig 6.6, and used to explain the 
medium damage risks. During this year, there will be a medium risk for mould growth and a 
medium chemical damage.  
 
 

Fig. 6.4: CEC result of the Great Church Breda for the year 2087 
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Fig. 6.6: SRA result of the Great Church Breda for the year 2070 

Fig. 6.5: CEC result of the Great Church Breda for the year 2070 
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During the year 7070, the Climate Evaluation Chart shows values exceeding the ASHRAE class B 
criteria. In this case, the temperature is lower and the relative humidity values are higher than 
expected. The circumstances are rated OK for only 38% of the time during the year. Furthermore, 
the annual indoor climate is rated too humid (38% time), too cold (15% time), and too humid and 
too cold (9% time). The best conditions occur during the winter (OK 56% time, too cold 35% time, 
and too humid and too cold 9% time) and autumn (OK 49% time, too humid 30% time, too cold 
19% time, too dry and too cold 1% time). During the spring period the conditions are OK for only 
30% of the time. Otherwise they are too humid (37% time), too humid and too cold (27% time), too 
cold (5% time), too dry (1% time). The worst season is the summer period as where the OK rates 
for 16% of the time. Otherwise, the indoor climate is too humid (84% time). Furthermore the 
hourly and daily changes in temperature and relative humidity exceeded for the ∆RH/day by a 
maximum of only 7% during summer, 2% during spring time and 1% during autumn. The high 
relative humidity values combined with fluctuations are, again, likely to result in damage to the risk 
factors. The fungal growth curve is exceeded in this case, due to the high relative humidity values. 
Mould growth is therefore likely to occur, similar to the chemical damage. However, it must be 
taken into account as well, that the simulated future humidity values are likely to be higher than 
the actual future values. Therefore, results might turn out better than expected.     
 
Overall, the future indoor climate especially shows a rise in the relative humidity values. If the 
situation in the Great Church of Breda remains unaffected, damage due to these indoor climate 
changes, is very likely to occur. Even though high relative humidity values are expected, the 
fluctuation of these values is not extreme which is very positive. Moreover, it must be taken into 
account that the simulation results are likely to be higher than the actual future values. In that 
case, the expected relative humidity might end up being lower. Still, in order to preserve and 
protect the work of art, actions must be taken to lower the indoor relative humidity.  
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6.3.2 Saint Bavo’s Cathedral 

Similar to the Great Church of Breda, the work of art situated in the Saint Bavo’s Cathedral is a 
panel painting. In this case the object is placed inside a showcase, therefore creating an extra micro 
climate for protecting the work of art. Subsequently, the SRA calculations are based on the 
simulation result of the showcase (Zone E). An overview of the annual amount of risk for panel 
paintings is presented in Table 6.9. It was stated in paragraph 5.4 Conclusion, according to the 
measurements, heating occurs in case of a low outdoor temperature. Heating will lead to a drop in 
relative humidity and may end up being harmful for panel painting. Therefore the way of heating is 
something that should be taking into account for, since it is not included in the simulation model. 
  
 
Similar to the SRA results of the Great Church Breda, the risk of mechanical degradation on the 
pictorial layer remains small. The far future will experience far more medium risks on especially for 
chemical degradation. There is a high risk on mould in two cases during the near future and the far 
future. In the first years of the near future, all risks occur to be small, and like the Great Church, the 
overall risk for degradation of the panel painting increases over the years. Different SRA results for 
three time period were analyzed; a good result (small risk), a bad result (high risk), and a medium 
result (medium risk). The year 2021 (Fig. 6.6) was analyzed as a being a year with only a small risk. 
According to the REMO climate data, this year will have a minimum temperature of -7,8°C, a 
maximum temperature of 30,6°C  and mean temperature of 9,9°C. The minimum relative humidity 
during this year will be 25% and the maximum relative humidity will be 100%. The year 2085 (Fig. 
6.8) was analyzed as a being a year with a high risk. this year will have a minimum temperature of -
2,3°C, a maximum temperature of 31,2°C  and mean temperature of 12,2°C according to the REMO 
climate data,. The minimum relative humidity during this year will be 39% and the maximum 
relative humidity will be 100%. Finally, the year 2071 (Fig. 6.10) was analyzed as a being a year with 
a medium risk. this year will have a minimum temperature of -2,4°C, a maximum temperature of 
34,6°C  and mean temperature of 13,0°C according to the REMO climate data,. The minimum 
relative humidity during this year will be 31% and the maximum relative humidity will be 100%. 
 
Similar to the Great Church of Breda, the Climate Evaluation Charts were used to provide further 
insight in the microclimate nearby in the showcase. These charts for the year 2021, 2085 and 2071 
are presented in Fig 6.7, Fig 6.9, and Fig 6.11.  
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CHAPTER 6 – SIMULATION RESULTS 

Table 6.9: Annual SRA results for small (green), medium (orange), and high(red) risks for panel painting at the Saint Bavo’s 
Cathedral Ghent 
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Fig. 6.8: SRA result of the Saint Bavo’s Cathedral Ghent for the year 2021 

Fig. 6.7: CEC result of the Saint Bavo’s Cathedral for the year 2021 
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Even though the Specific Risk Assessment resulted in only small damage risk, the Climate 
Evaluation Chart shows that many values exceed the boundaries determined by the ASHRAE B 
class, similar to the Great Church of Breda. These boundaries are widely exceeded during each 
season resulting is situations with a far lower temperature and higher relative humidity values than 
desired. The circumstances are rated OK for 32% of the time during the year. Still the annual indoor 
climate is rated too humid and too cold (29% time), too humid (22% time), and too cold (16% 
time). The best conditions occur during the summer (OK 71% time, too humid 28% time, and too 
humid and too hot 1% time) and spring (OK 56% time, too cold 27% time, too humid 16% time, too 
humid and too cold 1% time). During autumn the conditions are OK for only 2% of the time. 
Otherwise they are too humid (44% time), too humid and too cold (42% time), and too humid and 
too hot (1%time). The worst season is the winter period as where the OK rates for 0% of the time. 
Otherwise, the indoor climate is too humid and too cold (73% time), and too cold (27% time). 
Furthermore the hourly and daily changes in temperature and relative humidity exceeded for the 
∆RH/day by a maximum of only 2% during summer time and 1% during autumn. The high relative 
humidity values combined with fluctuations may eventually lead to damage risk for all risk factors. 
Due to the known heating pattern (extreme heating in case of lower temperatures), the number of 
cold days will likely result in extreme heating. As a consequence, the relative humidity will  
experience an extreme drop, which is clearly harmful to an panel painting, as stated in paragraph 
4.2.1 Result Analysis.  
 
 

 
 
 
 
 
 

Fig. 6.9: SRA result of the Saint Bavo’s Cathedral Ghent for the year 2085 



 

[120] 
 

 
 

 
In this case, the Climate Evaluation Chart shows that many values exceed the determined ASHRAE 
class B boundaries. According to these criteria, the temperatures are higher, but mostly lower than 
desired, while the relative humidity is higher than desired. The circumstances are rated OK for only 
26% of the time during the year. Furthermore, the annual indoor climate is rated too humid and 
too cold (31% time), too humid (30% time), too cold (11% time), and too hot (1% time). The best 
conditions occur during the spring (OK 47% time, too humid 26% time, too humid and too cold 15% 
time, too cold 9% time, and too hot 2% time) and summer (OK 43% time, too humid 54% time, too 
hot 2% time, and to humid and too hot 1% time). During autumn the conditions are OK for only 
15% of the time. Otherwise they are too humid (39% time), too humid and too cold 35% time), and 
too cold (10% time). The worst season is the winter period as where the OK rates for 0% of the 
time. Otherwise, the indoor climate is too humid and too cold (76% time), and too cold (24% time). 
Furthermore the hourly and daily changes in temperature and relative humidity exceeded for the 
∆RH/day by a maximum of only 5% during spring, 3% during autumn and 1% during winter and 
summer. In this situation, the extreme high relative humidity values combined with fluctuations 
are likely to result in damage to at least three of the four risk factors. The fungal growth curve is 
widely exceeded, due to the high relative humidity values. Mould growth is therefore very likely to 
occur. Still it must be taken into account; the relative humidity might experience an extreme drop 
due to the known heating pattern (extreme heating in case of a lower temperature). This may 
lower the risk for mould. Still, an extreme drop in relative humidity is harmful for the work of art. 
 
 
 
 
 
 
 
 

Fig. 6.10: CEC result of the Saint Bavo’s Cathedral for the year 2086 
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Fig. 6.12: SRA result of the Saint Bavo’s Cathedral Ghent for the year 2072 

Fig. 6.11: CEC result of the Saint Bavo’s Cathedral for the year 2071 
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During the year 7071, the Climate Evaluation Chart shows values exceeding the ASHRAE class B 
criteria. In this case, the temperature is higher and lower and the relative humidity values are 
higher than expected. The circumstances are rated OK for only 35% of the time during the year. 
Furthermore, the annual indoor climate is rated too humid and too cold (25% time), too humid 
(22% time), too cold (12% time), too hot (4% time), and too humid and too hot (2% time). The best 
conditions occur during the spring (OK 59% time, too humid 31% time, and too humid and too cold 
4% time), too cold (4% time), and too humid and too hot (1% time) and summer (OK 55% time, too 
humid 21% time, too hot 16% time, too humid and too hot 7% time). During autumn the conditions 
are OK for only 23% of the time. Otherwise they are too humid (28% time), too humid and too cold 
(28% time), and too cold (21% time). The worst season is the winter period as where the OK rates 
for 3% of the time. Otherwise, the indoor climate is too humid and too cold (68% time), too cold 
(22% time) and too humid (6% time). Furthermore the hourly and daily changes in temperature 
and relative humidity exceeded for the ∆RH/day by a maximum of only 3% during summer and 
autumn, 2% during winter time and 1% during spring. The high relative humidity values combined 
with fluctuations are, again, likely to result in damage to the risk factors. The fungal growth curve is 
exceeded in this case, due to the high relative humidity values. Mould growth is therefore likely to 
occur, similar to the chemical damage. However, it must again be taken into account that the 
relative humidity might experience an extreme drop due to the known heating pattern (extreme 
heating in case of a lower temperature). An extreme drop in relative humidity is harmful for the 
work of art. 
 
Overall, this future indoor climate especially shows a rise in the relative humidity values and a drop 
of temperature. If the current situation in the Saint Bavo’s Cathedral of Ghent remains unaffected, 
especially the way of heating when experiencing a drop in temperature, damage due to these 
indoor climate changes, is very likely to occur. The drop in relative humidity might result is a less 
high mould damage risk. However, in order to preserve and protect the work of art, actions must 
be taken to avoid these drops by heating in the winter period. 
 

6.3.3 Comparing SRA results 

Both the art objects in the Great Church of Breda and the Saint Bavo’s Cathedral Ghent will 
experience potential degradation risk. Table 6.10 shows a comparison of the SRA results of both 
churches per year. The colour gray stands for similar results, and clearly appears most of the time. 
Blue stands for situations as where the results of the Saint Bavo’s Cathedral are betters compared 
to the Great Church. And purple stand for a better result of the Great Church. Both works of art are 
likely to suffer great damage. The Climate Evaluation Charts showed the indoor climate of the 
Great Church of Breda is the worst during summer period, as where the indoor climate is too 
humid. Still, it must be taken into account that the simulated future humidity values are likely to be 
higher than the actual future values. In case of the Saint Bavo’s Cathedral of Ghent the worst 
indoor climate occurs during the wintertime, as where the indoor climate is too cold. Furthermore, 
the way of heating is something that should be taking into account for, since it is not included in 
the simulation model. 
 
Therefore it can be stated that both art objects will suffer predicted damage by the future climate 
change. And that measures need to be taken.  
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Table 6.10: Comparison of the annual SRA results of the Great Church Breda and the Saint Bavo’s Cathedral Ghent 
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CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS 

7. Conclusions and Recommendations 
This final chapter provides in conclusions resulting from contents of the previous chapters. 
Furthermore, recommendations for future research of the discussed subjects are presented.  
 

7.1 Conclusions. 
In this report, two churches are being presented as research subject to provide insight in the 
determined research question. The Great Church of Breda and the Saint Bavo’s Cathedral of Ghent 
show many similarities such as the typical Gothic building style, the outdoor climate, and the fact 
that both house an important work of art. The Great Church presents the triptych the Discovery of 
the True Cross, and the Saint Bavo’s Cathedral presents the Ghent Altarpiece. The subject of the 
presentation of both objects shows notable differences, even as the climate control in both 
building. In the Great Church, the object is placed inside the Prince Chapel, which is an open space, 
and in contrast to the object presented from out a climate controlled showcase in the Saint Bavo’s 
Cathedral. Furthermore, the Great Church is a building provided with a floor and air heating 
system, while the Saint Bavo’s Cathedral is an unheated building (Chapter 3).    
 
The current indoor climate situation of both buildings was compared by the Specific Risk 
Assessment and the Climate Evaluation Chart. As a result, it can therefore be stated that the 
climate situation nearby the triptych, The Discovery of the True Cross, can be considered to be 
currently good. There is only a small damage risk for all factors; consequently the measures taken 
by the Great Church to optimize the preservation of the work of art are sufficient. In case of the 
Ghent Altar piece, a medium risk for damage occurs. The indoor climate of the Villa Chapel shows 
even a higher risk, therefore it can be stated that the micro climate derives a small benefit out of 
the showcase. Still, in order to improve the micro climate, the indoor climate of the Villa Chapel 
needs to be improved as well. The most extreme situations occur during the winter period, when 
the micro climate is rated to be too humid and too cold. Also a seriously low relative humidity 
occurs during the winter period, which is likely caused by intense heating of the show case. 
Consequently, the climate situation near the showcase can be considered to be inadequate. In 
order to keep the work of art save from degradation, a more stable micro climate in the show case 
is needed (Chapter 4). 
 
During validation of the Great Church of Breda the simulated humidity ratio, and subsequently the 
relative humidity data remained higher than the measured data. Therefore, it must be taken into 
account that the simulated future humidity values are likely to be higher than the actual future 
values. The climate data measurements nearby the showcase show a steady temperature flow. At 
the same time period the simulation show an extreme temperature drop, due to a cold winter 
period. The temperature in the showcase is likely risen by extra heating, which might result in 
extreme temperature fluctuations. These situations may lead to the determined medium risk level 
at the Saint Bavo’s Cathedral (Chapter 5). 
 
In the future, both the art objects in the Great Church of Breda and the Saint Bavo’s Cathedral 
Ghent will experience potential degradation risk. The indoor climate of the Great Church of Breda 
is the worst during summer period, as where the indoor climate is too humid. It must be taken into 
account that the simulated future humidity values are likely to be higher than the actual future 
values. In case of the Saint Bavo’s Cathedral of Ghent the worst indoor climate occurs during the 
wintertime, as where the indoor climate is too cold. Furthermore, the way of heating is something 
that should be taking into account for, since it is not included in the simulation model. 
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Next, the research questions formulated in chapter 1 are discussed using the results obtained by 
this research. 
 
What effect will the future climate change have on the indoor climate of monumental churches? 
The climate change will clearly result in higher future temperatures and somewhat higher relative 
humidities. Due to these changes, the indoor climate of monumental churches is likely to change. 
As a consequence, monumental churches are likely to experience material damage. Brick and 
sandstone parts of the building will be affected by the moisture content. While wooden parts are 
affected by humidity shock and fungal growth. Stained glass is likely to be affected by corrosion. 
Both the Great Church of Breda and the Saint Bavo’s Cathedral of Ghent are excellent examples of 
monumental churches that may suffer damage in the future.   
 
As a consequence; what will be the effect on works of art situated in these churches, and will the 
current situation and location of the works of art meet the preservation standards in the future? 
Due to the future climate change the indoor climate of a church will change. More extreme 
temperatures and the rise of relative humidity values combined with fluctuations will result in a 
higher degradation risk of panel paintings. The situation in the Great Church of Breda, where the 
object is situated inside the church, and the situation in the Saint Bavo’s Cathedral of Ghent, where 
the object is placed in a showcase were compared. In both cases the degradation risk increased 
over the years. However, in case of the Great Church of Breda the rise in relative humidity needs to 
be handled. And in case of the Saint Bavo’s Cathedral, the extreme drop in temperature combined 
with extreme heating needs to be altered. 
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7.2 Recommendations 
The conclusions and discussions during the research process have resulted in several 
recommendations for further investigation. These recommendations are presented in this 
paragraph. 
 
Both churches use installations to control the indoor climate. The Great Church of Breda controls 
the climate of the whole church, while the Saint Bavo’s Cathedral of Ghent controls the micro 
climate of the showcase. In order to protect both art objects, even better control of the future 
indoor climate is necessary. In case of the Saint Bavo’s Cathedral, the current way of heating the 
climate case during cold winter periods will be strongly discouraged, taking in regard the increase 
of possible degradation risks. Overall, investigating the best installation options for both churches 
is highly interesting. In additions, the Great Church of Breda started investigating the possibilities 
of a cascade heating system and a new measure and control engineering system has been 
installed. These adjustments are not included in this research, but should in case of further 
investigation.  
  

7.2.1 Uncertainties 

This research has dealt with different uncertainties. Especially these uncertainties are worth being 
further investigated. The conclusions are based upon simulation of the two churches, combined 
with REMO climate data. The simulation models still know some uncertainties, which are listed 
below; 
 

- The drawings of the Great Church of Breda used to create a building model were dated 
and not very accurate, which is not strange for an old gothic church. However more 
precise building construction drawings may help creating a more accurate model. Due to 
the type of building, the construction is not as precise as current building. For example, 
the thickness of the wall varies throughout the building.  

 
- Whenever the heating is manually controlled, a building simulation model matching this 

profile is hard to build. Especially in case of human errors, which are quite impossible to 
exclude. In the Great Church the building heating is manual controlled. The Prince Chapel, 
being an open space, is sometimes treated as a different zone. Whenever the relative 
humidity reaches 40% and lower, humidifiers will be used. In case of a clear rise in 
temperature, the heating in the Prince Chapel is cut off. This might be included in a more 
complex HAMBase simulation model. 

 
- During the validation of the models, uncertainties were shown. In case of the climate 

controlled show case in the Saint Bavo’s Cathedral, the air exchange between this 
showcase and the Villa Chapel and the exact input in HAMBase need further investigation.  

 
- During this research the Specific Risk Assessment method proved to be very useful. 

However the time period for this method knows a minimum of one year, while in some 
situations a short time period analysis seems more interesting. In case of the outdoor 
temperature drop in Ghent during the wintertime period, a short time risk analyses would 
be interesting. 
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